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EDITORIAL 


Benefits of steady growth 


hen the United States Congress returns from 
an August recess, it must take up appropria- 
tions bills, including those that fund science 
agencies. These bills will only focus on one 
fiscal year. Yet, almost all scientific projects 
require years to yield substantial progress. 
This timeline may favor longer-term budget 
allocation and other policy adjustments. 
Science-funding agencies typically make multiyear 
grants, with averages of approximately 3 years for the U.S. 


ally based on the appropriations history. Remarkably, a 
simple model that captures only the essential features 
of multiyear funding reproduces year-to-year patterns 
quite well. The second component estimates the num- 
ber of grant applications reviewed each year, based on 
the observation that increases in agency appropriations 
usually result in increases in subsequent application 
numbers with a 1- to 2-year lag. 

The NIH budget doubled from 1998 through 2003 but 
has been nearly flat ever since. The model, applied from 
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National Science Foundation 1990 to 2015, reproduces the 
(NSF) and 4 years for the U.S. Na- drop in the success rate (from are, 
tional Institutes of Health (NIH). approximately 30 to 20%) that 
For the NIH and, to a lesser occurred over the 2 years after 
extent, NSF, these grants are the doubling. The success of 
paid out over consecutive years. the model supports the hypoth- 
Thus, when an agency makes an esis that basic features of grant- 
award, it often takes on a “mort- funding processes were respon- 
gage” for funding the grant in fu- sible for this drop rather than 
ture years. This approach allows changes in NIH policies. 
agencies to monitor research A benefit of these models is 
efforts effectively through prog- that consequences of poten- 
ress reports. However, multiyear tial alternative appropriation 
funding means that the likeli- scenarios can be examined in 
hood that applications submit- quantitative terms. Suppose that 
ted in subsequent years will be Congress had increased the NIH 
funded (often measured by “suc- appropriation from 1998 to 2015 
cess rates” or “funding rates”) at a constant rate instead of the 
will depend largely on decisions “ ° “boom” of the doubling and the 
made in previous years. Transi- ofl ound-br eaking resear ch “bust” of the flat funding, with 
tions from years with relatively may be missed for arbitrary the same overall constant dollar 
generous appropriations (in ee ” investment. The model suggests 
which many new grants can be reasons of fuming. that this would have resulted in 
awarded) to those with limited 2.4-fold smaller fluctuations in 
appropriations can result in large drops in success rates. success rates and a decrease of nearly 35,000 unsuccess- 
Such fluctuations have important consequences. | ful grant applications. Thus, with a more stable funding 
Outstanding applications that would have been funded | stream, the system would have been more equitable on a 
one year go unsupported the next year, so that poten- | year-to-year basis, and an average of 1300 fewer applica- 
tially ground-breaking research may be missed for ar- | tions would have needed to be written and peer-reviewed 
bitrary reasons of timing. Low success rates result in | per year to support the same amount of research. 
scientists spending more time writing and reviewing Scientists and other advocates often call for steady 
proposals instead of conducting research. Investigators, | increases in science budgets, arguing that growth at the 
particularly those at vulnerable career stages, can be- | rate of inflation is necessary to maintain research activity 
come demoralized by the apparently capricious nature | and that predictable budgets allow longer-term planning. 
of funding decisions. These are important arguments, but they apply to many 
I have constructed a quantitative model that esti- | sectors. The multiyear nature of science funding provides 
mates grant success rates based on past appropria- | an additional compelling argument for the implementa- 
tion levels, described in Sciencehound (http://blogs. | tion of longer-term science budget planning by the scien- 
sciencemag.org/sciencehound/2016/08/26/modeling- | tific community and the government. 
success-rates). The first component of the model esti- 
mates the number of grants that can be awarded annu- -Jeremy Berg 
10.1126/science.aai8237 
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Peru’s mysterious dog mummies 


Archaeological 
excavations in Lima’s 
zoo have revealed 
more than 100 well- 
preserved dogs. 


ike much of Lima, Peru’s capital city, the Parque de las Leyendas 

zoo is built atop layers of settlements that stretch back millennia. 

In 2012, a team led by archaeologist Karina Venegas Gutiérrez of 

the zoo’s Division of Archaeology unearthed something strange 

there: the remains of more than 100 dogs, resting alongside a sim- 

ilar number of humans. The dogs had been arranged in peaceful, 
sleeplike postures and were wrapped in textiles for burial, just as most 
humans were at that time. However, many of the humans sustained vio- 
lent injuries such as skull fractures and broken limbs just before death. 
Nearby ceramics and other artifacts suggest both dogs and humans were 
buried around 1000 C.E., a transitional time for Peru’s coastal societies, 
as the agricultural society of Ychsma moved into regions previously oc- 
cupied by the Lima culture. The dogs may have been part of a ritual 
sacrifice, perhaps carried out hastily after a traumatic event, Venegas 
Gutiérrez said last week at the World Congress on Mummy Studies in 
Lima. “Maybe the dogs were offered to the humans after a mass death of 
some kind,” she said. As for who may have killed these people and why, 
she still can’t say. http://bit.ly/Perudogmummies 
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464 D.A. was a force of nature who, until relatively recently, 


seemed invulnerable. Public health has lost a hero. 99 
Michael J. Klag, dean of the Johns Hopkins Bloomberg School of Public Health in 
Baltimore, Maryland, posting on Facebook about the death last week of Donald Ainslie (“D.A.”) 
Henderson, who led the successful global campaign to eradicate smallpox from 1966 to 1977. 


AROUND THE WORLD 
U.N. makes U-turn on cholera 


NEW YoRK CITY | The United Nations has 
finally acknowledged that it bears respon- 
sibility for triggering a cholera outbreak 
in Haiti in 2010 that sickened at least 
700,000 people and killed more than 9000. 
In a 19 August statement, U.N. Secretary- 
General Ban Ki-moon said he “deeply 
regrets the terrible suffering” the outbreak 
has caused and acknowledged the United 
Nations’s “moral responsibility” to make 
amends. U.N. peacekeepers from Nepal 
operated a camp with poor sanitation close 
to where the first cholera cases in Haiti 
occurred, and genome studies have shown 
that the Haiti strain is virtually identical 
to one circulating in Nepal at the time; 

a panel appointed by Ban in 2011 called 
the evidence for a link “overwhelming.” 
But until last week, the United Nations 
had denied any responsibility. Although a 
federal appeals court on 18 August upheld 
the United Nations’s legal immunity from 
a lawsuit started by Haitian victims, Ban 
promised to provide “material assistance 
and support” and to intensify efforts to end 
the epidemic. 


Flawed voting mars election 


BETHESDA, MARYLAND | Members of the 
Society of Biological Inorganic Chemistry 
(SBIC) are reacting with puzzlement and 
shock after learning that the results of a 
recent online leadership election have been 
thrown out because of voting irregulari- 
ties. Counting revealed far more votes than 
there are members of the organization, 
according to an internal newsletter sent to 
SBIC members last week. One candidate 
received four times the number of votes 

as there are members of the group, it 
noted. The cause of the flawed voting isn’t 
clear, but “the results appear to have been 
manipulated,” Michael Hannon, president- 
elect of SBIC and the chair of chemical 
biology at the University of Birmingham in 
the United Kingdom, wrote in the 9 August 
newsletter. SBIC has asked the Federation 
of American Societies for Experimental 
Biology, which carried out the elections on 
behalf of the society, to arrange a new elec- 
tion that is run in a “more secure” fashion, 
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Gas-powered robot is the squishiest yet 


ctopuses are known escape artists, able to squeeze and squish 

themselves into and around a wide range of obstacles. Now, 

in an ode to these clever cephalopods, Harvard University 

scientists have created the first completely soft-bodied robot, 

dubbed the “octobot.’ “For the soft robotics community, the 

octopus has always kind of been an inspiration,” says the proj- 

 ect’s leader, Harvard bioengineer Jennifer Lewis. The palm-sized 
tobot’s exterior is made of silicone, “like bathroom caulking,” 
wis says. Whereas other soft robots have had at least a few hard 
+ts,. nas batteries or wires, the octobot has none. It contains a 


ave 


using a unique link identifier that 
enables just one vote per individual. 
http://bit.ly/SBICvote 


Silver lining in ministry purge? 
moscow | Continuing a summer of 
upheavals for Russian science, on 

19 August President Vladimir Putin fired 
his science minister and replaced him with 
historian Olga Vasilyeva, known for her 
admiration for Soviet 
dictator Joseph Stalin. 
The move startled 
many scientists, but 
some see it as a ray of 
hope for the Russian 
Academy of Sciences 
(RAS), which is 
undergoing a painful 
downsizing in which 
dozens of academy institutes are expected 
to merge, and thousands of scientists 

will likely lose their jobs. Ousted Science 
Minister Dmitry Livanov was an architect 
of the reforms; he had long pressed for 
strengthening science in the universi- 

ties at the academy’s expense. Vasilyeva, 
who was head of the religious studies 
department of the Russian Presidential 
Academy of National Economy and Public 


Olga Vasilyeva 
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Administration and worked in Putin’s 
executive office, told daily newspaper 
Kommersant that her first order of busi- 
ness is to scrutinize the ongoing reforms. 
RAS President Vladimir Fortov told report- 
ers on 20 August that he welcomed her 
appointment; her experience in the execu- 
tive office will help “build a constructive 
dialogue” between scientists and bureau- 
crats, he said. http://bit.ly/Russiaminister 


Nanopore lawsuit settled 


WASHINGTON, D.c. | In March, genetic 
sequencing giant Illumina Inc. sued Oxford 
Nanopore Technologies for patent infringe- 
ment (Science, 4 March, p. 1010). Illumina 
claimed that Oxford’s sequencing plat- 
forms rely on its patented Mycobacterium 
smegmatis porin (Msp) protein. Last week, 
the two companies reached a settlement, 
according to a U.S. International Trade 
Commission document dated 18 August. 
Oxford has agreed not to import or sell any 
product containing a pore with an amino 
acid sequence at least 68% similar to 

Msp and to destroy any inventory of such 
products. The document explicitly states 
that the restriction doesn’t affect Oxford’s 
ability to use CsgG, a different pore that 
the company unveiled shortly after the suit 
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A pneumatic network (pink) can flex the 
arms of the soft-bodied octobot. 


small reservoir of hydrogen peroxide that it uses as fuel: When the 
hydrogen peroxide washes over flecks of platinum embedded within 
the octobot's silicone body, the resulting chemical reaction produces 
gas that inflates and flexes the robot's arms. As described this week 
in Nature, the gas flows through a series of 3D-printed pneumatic 
chambers in its eight arms; their flexing propels it through water. 
Right now, the octobot's fuel lasts between 4 and 8 minutes and it 
can't steer in any particular direction. But as the field of soft robotics 
advances, Lewis envisions these robots being used for oceanic 
search and rescue, climate sensing, and military applications. 


was filed, and which underlies its newest 
line of sequencers. Whether Oxford ever 
did rely on Msp is still a mystery. 


NEWSMAKERS 


Bloomberg a WHO ambassador 


The World Health Organization (WHO) 
has named former New York City mayor, 
businessman, and philanthropist Michael 
Bloomberg as global ambassador for 
noncommunicable diseases—a position 
that comes without a salary or expense 
account but that allows Bloomberg to 
draw more attention to issues he cares 
about deeply. Some 16 million people die 
before turning 70 from problems such as 
heart disease, stroke, cancer, diabetes, and 
chronic respiratory ailments, according 
to WHO, and another 1.25 million perish 
in traffic. The $4.3 billion that Bloomberg 
has donated to charity so far includes a 
$600 million initiative to reduce tobacco 
use and programs aimed at obesity, road 
safety, and maternal health. Bloomberg 
also focused on public health during his 
time as mayor from 2002 until 2013. A 
ban on supersize sodas that he introduced 
in 2012 was struck down 2 years later by 
New York’s Court of Appeals. 


26 AUGUST 2016 + VOL 353 ISSUE 6302 851 


Downloaded from http://science.sciencemag.org/ on September 3, 2016 


Anthropocene pinned to postwar period 


Geologists vote to seek a “golden spike,” but push for formal acceptance faces skepticism 


By Paul Voosen 


ust after World War II, when the 

atomic bombs fell and our thirst for 

coal and oil became a full-blown ad- 

diction, Earth entered the Anthro- 

pocene, a new geologic time when 

humanity’s environmental reach left 
a mark in sediments worldwide. That’s the 
majority conclusion of the Anthropocene 
Working Group, a collection of research- 
ers that has spent the past 7 years quietly 
studying whether the term, already popu- 
lar, should be submitted as a formal span of 
geologic time. 

After tallying votes this month, the group 
has decided to propose the postwar boom 
of the late 1940s and early 1950s as the 
Anthropocene’s start date. The group will 
ask the International Commission on Strati- 
graphy (ICS), the bureaucracy that governs 
geologic time, to recognize the Anthro- 
pocene as a Series, the stratigraphic equiva- 
lent of an epoch, on par with the Holocene 
and Pleistocene that preceded it. Colin 
Waters, the group’s secretary and a 
geologist at the British Geological Survey 
in Keyworth, will reveal the group’s rec- 
ommendations on 29 August at the Inter- 
national Geological Congress in Cape Town, 
South Africa. 

The group won’t submit a formal proposal 
yet. To do so, it must gather multiple cores 
of sediment from around the planet and 
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show that they contain a sharp transition in 
geochemical tracers that is likely to persist 
as a permanent part of the rock record; the 
core with the best example of the transition 
would then serve as a “golden spike,” mark- 
ing the Anthropocene’s start. These cores 
could come from lakebeds, ocean floors, ice 
sheets—or even corals or tree rings. But they 
must capture the “Great Acceleration”: the 
postwar period when fossil fuel combustion 
took off, says Jan Zalasiewicz, a geologist 


“I feel like a lighthouse 
with a huge tsunami wave 
coming at it.” 


Stan Finney, chair of the International 
Commission on Stratigraphy 


at the University of Leicester in the United 
Kingdom who convened the group. “We'll go 
and get our hands dirty, beginning to look 
for sections that we can formally propose.” 

Those sections will have to be rich with 
multiple signatures, as the Anthropocene 
proposal faces deep skepticism from strati- 
graphers. “The voting members of the Inter- 
national Commission on Stratigraphy look 
at these things critically,’ says Stan Finney, 
chair of ICS and a geologist at California 
State University, Long Beach. 

He and other stratigraphers doubt that 
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their standards can be properly applied to 
decades-old mud and silt rather than the 
solid rock that records older stratigraphic 
boundaries. They question the value of the 
Anthropocene for their science, which seeks 
to draw coherent chronologies out of sedi- 
mentary rocks. Some also resent the role 
that scientists from other disciplines such as 
climate science have played in driving the 
proposal and see it as a political statement. 

Should ICS decide against the Anthro- 
pocene, some stratigraphers fear, they 
could be swamped with bad press. “I feel 
like a lighthouse with a huge tsunami wave 
coming at it,” Finney says. Phil Gibbard, a 
stratigrapher at the University of Cambridge 
in the United Kingdom and a working group 
member who voted against the proposal, 
also worries about a backlash. “We're ner- 
vous,” he says. 

The working group, a mix of 35 geologists, 
climate scientists, archaeologists, and oth- 
ers, considered multiple dates. There were 
votes for an early start to the Anthropocene, 
7000 years ago, when humanity began con- 
verting forests en masse to pastures and 
cropland, perhaps causing carbon dioxide 
(CO,) to spike, and also for 3000 years ago, 
when lead smelting tainted the ground. 
More recently, they considered 1610, when 
pollen from the New World appeared in Eu- 
rope, and the early 1800s, the start of the In- 
dustrial Revolution. But the most votes went 
to the Great Acceleration. 
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Plutonium from atomic weapons testing, found in soil 
beginning in 1951, could mark the Anthropocene. 


The group’s decision to go for a single, re- 
cent start date for the Anthropocene disap- 
points Bill Ruddiman, an emeritus professor 
of environmental science at the University 
of Virginia in Charlottesville. “It is a mistake 
to formalize the term by rigidly affixing it 
to a single time,” he says, “especially one 
that misses most of the history of the ma- 
jor transformation of Earth’s surface.” Many 
archaeologists also favor the 7000-year-old 
date, when early humans began to alter the 
planet’s surface. But the working group was 
looking for a signature of global, human- 
driven change that would wind up in the 
rock record, not the first traces of human 
influence on the local landscape. 

In a study published in Science earlier 
this year, the working group highlighted 
their most likely proxies. Materials that rose 
to mass use in the 1950s, such as plastics 
and elemental aluminum, are prime tar- 
gets. Plutonium from atmospheric nuclear 
testing, first visible in the soil in 1951, will 
linger in sediments globally for the next 
100,000 years as it decays into uranium 
and then lead. But perhaps the most prom- 
ising proxy comes from recent work that 
has shown, across 71 lakebeds worldwide, a 
1950s spike in fly ash residue from the high- 
temperature combustion of coal and oil. “This 
is a permanent signal,’ Waters says. “These 
particles will not be degrading.” He adds that 
the ash is directly tied to the human-driven 
increase in CO, that sparked the notion 
of the Anthropocene in the first place. 

Until this year, the group had not sought a 
golden spike; instead, they favored defining 
the Anthropocene simply by a starting date, 
a method stratigraphers have only used for 
units of time within the Precambrian, more 
than 540 million years ago, when clear di- 
viding signals have been impossible to 
find in the rock. But several ICS members, 
including Finney, made it clear a golden 
spike would be necessary for any chance 
of approval. 

The group’s proposal may not satisfy him. 
But Waters hopes the ICS will consider the 
chosen golden spike on its merits. “Just be- 
cause it’s thin and short duration, the fact that 
it’s very sizable is the most important thing,” 
he says. 

Zalasiewicz adds that the marks of the 
Great Acceleration will endure, even if 
somehow humanity reverses global warm- 
ing and gives half the planet over to con- 
servation. And if humanity doesn’t change 
course, then future stratigraphers might 
need to elevate the Anthropocene’s rank in 
the geological hierarchy, he says. “An epoch 
would be thinking too small.” 
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NASA flies into Namibia's 
cloud laboratory 


Commingling smoke and fog pose thorny climate puzzles 


By Eric Hand 


ff the coast of Namibia, for several 

months a year, a layer of smoke drifts 

over a persistent deck of low clouds. 

It’s the perfect place to investigate the 

thorniest problem in all of climate sci- 

ence: how haze and clouds interact to 
influence global warming, either boosting or 
moderating it. Now, after weeks of delay, an 
airborne research campaign is getting started 
in this diaphanous natural laboratory. 

The smoke, from fires deep in Africa, is 
nearly invisible to satellites in space, and be- 
cause the southeast Atlantic Ocean has few 
islands, the layers are hard to study from be- 
low. But flying directly into them from Na- 
mibia has posed its own 
hurdles—bureaucratic 
ones, which NASA has 
now cleared. On 29 Au- 
gust, research planes will 
begin nearly a month of 
flights into the heart of 
the smoke and clouds, 
taking off every other 
day from Walvis Bay, 
Namibia, with plans to 
return in 2017 and 2018. 

Complementary _ ef- 
forts from France and 
the United Kingdom 
would have expanded 
the sampling area but 
were postponed when the teams couldn’t 
get diplomatic clearances from Namibia. 
NASA itself almost canceled this season’s 
flights before getting permission last week. 
Mission leaders were relieved and eager 
to begin their studies of cloud and haze ef- 
fects, which “constitute the largest uncertain- 
ties in our models of future climate—that’s 
no exaggeration,’ says Jens Redemann, an 
atmospheric scientist at NASAs Ames Re- 
search Center in Mountain View, California, 
and the principal investigator for ObseR- 
vations of Aerosols above CLouds and their 
IntEractionS (ORACLES). 

Like Chile and California, Namibia has 
a near-constant coastal fog: a bank of low- 
lying, relatively thin stratocumulus clouds 
sitting just offshore. It also has a supply of 
smoke from the natural and human-caused 
fires that whip across the savannas of south- 
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Like California and Chile, Namibia has a 
persistent bank of coastal fog. 


ern Africa. In August, the prevailing winds 
shift and, for about 3 months, blow the smoke 
out to sea and above the cloud deck. Near 
shore, the clouds and smoke stay separated 
in tidy layers, but farther west the smoke 
settles and mixes with the clouds. This gives 
scientists an ideal laboratory to observe the 
varied and complex interactions of the clouds 
and smoke and their climate effects (see 
graphic, p. 854). 

Atmospheric scientists already have a de- 
cent handle on how clouds and smoke work 
on their own. For instance, bright, white 
clouds reflect light to space, cooling the 
planet. Aerosols can also have a cooling ef- 
fect, if they are bright, like the sulfate parti- 
cles emitted by volcanoes. Sooty black carbon, 
on the other hand, tends 
to absorb light and heat 
the planet. Although 
scientists don’t know 
exactly how the African 
smoke evolves chemi- 
cally as it drifts over the 
ocean, they think that 
because it originates 
from burning vegeta- 
tion, it contains a lot of 
brown carbon. That 
would put its brightness 
somewhere between 
that of soot and sulfate— 
able to both trap and 
reflect heat. 

Things get more complicated when clouds 
and smoke overlap. When the African smoke 
blows over the top of the white cloud deck, 
it absorbs some of the heat that the clouds 
would have reflected, which turns up the 
thermostat. But at breaks in the cloud deck, 
smoke has the opposite effect: It is brighter 
than the dark ocean surface, reflecting solar 
radiation and reducing warming. 

Smoke particles also influence clouds. 
By absorbing heat, aerosols can evaporate 
nearby cloud droplets—making the cloud 
less reflective and compounding the heating 
effect. On the other hand, by warming the at- 
mosphere, aerosols can stabilize the air and 
protect clouds from drying out and thinning. 
Still other effects—which primarily promote 
cooling—occur when the aerosols begin mix- 
ing into a cloud. The aerosols create addi- 
tional seeds around which water vapor can 
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condense, boosting the number of cloud 
droplets and making the cloud more reflec- 
tive. Because the added droplets are smaller, 
they are less likely to be rained out, which en- 
hances cloud longevity. 

The smoke is virtually invisible against a 
bright cloud, which handicaps satellites look- 
ing down from above. So the $30 million 
ORACLES mission will fly straight into the 
mix. The mission’s workhorse is NASA's P-3, 
a low-flying turboprop originally developed 
by the U.S. Navy to hunt for submarines. Fly- 
ing at altitudes between 4 and 6 kilometers, it 
will carry instruments that look up and down 
and sample the air directly. Flight paths will 
vary, with lots of turns and sudden changes 
in altitude. The pilots love it, Redemann says, 
but the scientists—not so much. “It’s not rare 
that multiple people vomit.” 

Some flights will try to stay on a particular 
line of latitude or longitude, no matter what 
the clouds and smoke are doing that day, be- 
cause climate modelers need data collected 
along a transect. Others will be flights of op- 
portunity, following the weather. One such 
plan is a flight to Ascension Island, 1600 kilo- 
meters off the African coast, that will seek to 
follow the smoke layer westward to see how 
it changes chemically with time. 

ORACLES will also deploy a camera- 
carrying ER-2—a variant of the venerable U-2 
spy plane—that will cruise at an altitude of 
20 kilometers, providing contextual images. 
“Tt’s our personal satellite,” Redemann says. 
Meanwhile, a battery of sensors and radars 
is watching from the ground, on Ascension 


Island. Part of a separate experiment run by 
the U.S. Department of Energy called Lay- 
ered Atlantic Smoke Interactions with Clouds 
(LASIC), the ground station recently cap- 
tured samples of the downwind smoke to see 
how its properties changed during its drift 
westward. “It was both exciting and a relief,’ 
says Paquita Zuidema, an atmospheric scien- 
tist at the University of Miami in Coral Ga- 
bles, Florida, and LASIC lead scientist. “You’d 
hate to think that the smoke is just blowing 
by you overhead, without being able to take 
direct measurements.” 

What the ORACLES team learns should 
sharpen forecasts of regional climate change. 
Climate models suggest that, in a hotter fu- 
ture, weather patterns will shift and southern 
Africa will become dryer. But that predic- 
tion might not hold if African nations tamp 
down fires in order to limit smoke, a health 
hazard. Eliminating aerosols could reduce 
their tendency to evaporate rain clouds, and 
the region could get wetter, says Rob Wood, 
ORACLES deputy principal investigator and 
an atmospheric scientist at the University of 
Washington, Seattle. “There’s a potential for 
[the effect] to mitigate the greenhouse gas 
changes in precipitation,” he says. 

The team also hopes to shrink broader 
uncertainties about clouds and aerosols. In a 
recent study, for instance, well-respected cli- 
mate models were shown to have completely 
opposing estimates for the overall effect of 
the clouds and smoke in the southeast Atlan- 
tic: Some found net warming, whereas others 
found cooling. 


When ORACLES scientists return to Na- 
mibia next August, they hope to be joined by 
French and U.K. researchers, who postponed 
their missions for at least a year when they 
didn’t get diplomatic clearances. Research- 
ers with the U.K. mission, called CLARIFY 
(Cloud-Aerosol-Radiation Interactions and 
Forcing for Year 2016), initially looked at re- 
locating its research aircraft to Ascension Is- 
land, but they couldn’t make the switch work 
logistically. “Everybody is quite frustrated,” 
says Steven Abel, a CLARIFY principal inves- 
tigator with the U.K. Met Office in Exeter. 

NASA, too, ran into obstacles. Namibia 
gained its independence in 1990 from South 
Africa, after a long struggle led by a Social- 
ist Party supported by Cuba and the Soviet 
Union—enemies of the United States at the 
time. Some suspected that Namibia’s defense 
ministry harbored lingering suspicions of the 
United States that slowed approval of the 
project. “I have to assume it’s discomfort with 
having an ex-high-altitude spy plane and an 
ex-submarine hunter placed in their coun- 
try,” Zuidema says. 

Bob Swap, an ORACLES program scientist 
in Washington, D.C., spent the month of July 
in Namibia shuttling between ministries and 
trying to rally support. “You camp out and 
you're on their time schedule not yours, and 
youre showing respect,’ he says. Eventually, 
ORACLES got on the agenda of a presiden- 
tial cabinet meeting on 16 August. The bu- 
reaucratic skies cleared; visas for the mission 
scientists and flight permits for the aircraft 
were proffered days later. & 


Noses in the air 


This month, NASA aircraft will begin studying a natural atmospheric laboratory off the coast of Namibia, where a layer of smoke wafts over a low cloud deck. 


at an altitude of 20 ki 
take context images. 


0-6 km 


Indirect effects 

Aerosols create seeds for water 
vapor to condense into small cloud 
droplets that brighten the cloud 
and resist being rained out. 


Drift 

Prevailing winds blow the smoke 
west, where it slowly drifts down 
into the cloud deck. 


Semidirect effects 

Aerosols can absorb heat that 
evaporates cloud droplets. But the heat 
can also increase cloud longevity by 
stabilizing the atmosphere. 
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Atlantic Ocean 


Smoke 

Savanna fires across southern Africa create 
smoke containing brown carbon particles, 
which can both absorb and reflect sunlight. 


Direct effects 

Above a bright cloud deck, aerosols 
appear dark and absorb heat. But over 
the dark ocean, aerosols appear brighter 
and have a cooling effect. 


Namibia 
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CHILDREN’S HEALTH 


Cholesterol screening for kids 
sparks debate (again) 


Evidence for universal testing is insufficient, task force says 


By Jennifer Couzin-Frankel 


long-simmering dispute over 

whether every school-age child in 

the United States should be tested 

for high cholesterol erupted again 

earlier this month, after a national 

task force said there is insuffi- 
cient evidence for such screening. Nearly 
5 years ago the American Academy of Pe- 
diatrics (AAP) endorsed National Heart, 
Lung, and Blood Institute recommenda- 
tions that pediatricians draw blood from all 
9- to ll-year-olds and test their cholesterol 
levels. Those with very high low-density lipo- 
protein (LDL), sometimes called “bad” cho- 
lesterol, would qualify for statin drugs, AAP 
suggested; lifestyle changes could be offered 
to children whose LDL is on the high end— 
those in the 90th percentile or above, with an 
LDL of more than 130. 

In strongly worded comments, several 
physicians welcomed the August conclusions 
of the U.S. Preventive Services Task Force and 
upbraided AAP for a position whose health 
benefits they consider inadequate to justify 
the medical risks and financial costs of cho- 
lesterol screening in all kids. “We’re treating 
a risk factor. We're not treating a disease,” 
says Peter Belamarich, a pediatrician at Mon- 
tefiore Medical Center in New York City with 
expertise in lipid disorders. “We are under an 
extraordinarily high burden to show that we 
are not harming people” with interventions. 
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AAP representatives say they stand by 
screening, although they acknowledge the 
uncertainties. “I believe the full set of evi- 
dence ... weighs towards benefit” of universal 
screening, Sarah De Ferranti, a member of 
the AAP Committee on Nutrition and direc- 
tor of preventive cardiology at Boston Chil- 
dren’s Hospital, told Science in an email. But 
many doctors seem to side with the skeptics. 
In a survey published in 2014 in The Journal 
of Pediatrics, only 16% of 548 primary pediat- 
ric providers in Minnesota were screening all 
of their young patients. 

The screening question braids together 
some of the toughest subjects in medicine, 
including how or whether to set guidelines 
with incomplete scientific evidence, and 
when to give drugs to treat a risk factor 
whose effects, if they manifest, are probably 
decades off. “We're not saying that [AAP’s] 
position is wrong,” says David Grossman, a 
vice chair of the task force and a pediatri- 
cian at the Group Health Research Institute 
in Seattle, Washington. “We’re saying we 
just don’t know.” 

When the task force turned to published 
studies, it immediately hit a roadblock, 
Grossman explains. “In children, it’s really, 
really difficult to find screening trials,’ he 
says. So the group sought indirect evidence 
about whether childhood cholesterol screen- 
ing and treatment with either statins or 
lifestyle modifications could stave off later 
cardiovascular disease. 
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The American Academy of Pediatrics suggests that all 
9- to 11-year-olds get a blood test for cholesterol. 


What little evidence the task force could 
find was mixed. Thirteen trials of statins 
in children showed that, as in adults, they 
markedly reduce LDL. But there were also 
hints that some children with high LDL who 
went untreated had normal LDL as adults. 
Furthermore, there are virtually no data on 
the long-term effects of statins in children, 
whose developing bodies may respond differ- 
ently than adults to long-term use. 

Some doctors also worry that following the 
current AAP guidelines may cause unneces- 
sary heartache. Thomas Newman, a pediatri- 
cian and epidemiologist at the University of 
California, San Francisco, and an outspoken 
critic of the AAP position, shares the story 
of a teenaged athlete whose pediatrician 
offered testing. The teen just assumed he 
would score well. To the boy’s shock, he had 
elevated LDL. A strict diet failed to normal- 
ize it, which isn’t unusual, Newman says. The 
teenager grew depressed. “He was invited to 
go eat hot dogs on the beach,” Newman re- 
calls, “and said, ‘I can’t do that?” 

De Ferranti agrees the issue is complex, 
but argues that the benefits of a healthy diet 
and exercise are well documented—and this 
is how the vast majority of children with high 
cholesterol would be treated. 

Still, the chair of the expert panel says that 
in retrospect, the group’s 2011 recommen- 
dation should have placed more emphasis 
on the highest risk children. “As I went out 
and talked about those guidelines, it became 
clearer and clearer to me that we hadn't 
presented it in the right way,’ says Stephen 
Daniels, pediatrician-in-chief at Children’s 
Hospital Colorado in Denver. Although he 
supports reinforcing a healthy lifestyle for 
kids with modestly elevated LDL, Daniels 
now believes screening should be mainly 
used to identify and treat the small subset of 
children whose genetics cause very high LDL 
levels, often more than 190 mg/dl. About one 
in every 250 people has the genetic condi- 
tion, known as familial hypercholesterolemia 
(FH), which can lead to premature 
heart attacks. 

Even there, the knowledge gap looms: 
There is “inadequate evidence” for universal 
FH screening as well, the Preventive Services 
Task Force concludes. It suggested that no 
one knows whether an extra decade of statins 
helps these children more than it hurts them. 

There’s one point on which both sides 
agree: Doctors need more evidence, par- 
ticularly studies that track kids with high 
cholesterol whose families select  dif- 
ferent treatment approaches. “We have 
an obligation” to conduct these studies, 
Belamarich says. 
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Research watchdog’s new 
leader faces staff revolt 


ORI head tries to chart future course, but staff warn of 
“tensions and conflict” in letters to her superiors 


By Jocelyn Kaiser 


he Office of Research Integrity (ORI) 

in Rockville, Maryland, which guards 

against misconduct in biomedical re- 

search, usually attracts attention with 

its findings, not its internal workings. 

But 2 years ago, its director, David 
Wright, quit in a public huff, complaining 
that ORI was hobbled by a dysfunctional 
federal bureaucracy. Now, his successor is 
encountering her own rough waters, Science 
has learned. 

Kathryn Partin, who took the helm of ORI 
in December 2015, has launched 
a top-to-bottom review of the of- 
fice, which has been criticized for 
moving too slowly and meting out 
sanctions that lack teeth. She has 
also brought in an investigator 
from the National Science Foun- 


OFFICE OF RESEARCH INTEGRITY 


Human Services (HHS), many of ORI’s inves- 
tigative staff recently expressed “profound 
concern about the tone and direction” she 
has taken. They contend that Partin does not 
fully understand ORI’s regulatory constraints 
and is unjustifiably seeking to replace 
ORI’s two division directors, whose depar- 
ture, they write, would be a “disaster.” John 
Dahlberg, who before retiring last year was 
ORI’s deputy director, says that his former of- 
fice “seems to be falling apart.” 

Whether the quarrel is more than a new 
boss challenging an old guard resistant to 
change is hard to resolve. Partin and her 


A tale of two offices 


The offices that monitor research integrity for projects funded by the National 
Science Foundation (NSF) or the National Institutes of Health work differently. 


NSF INSPECTOR GENERAL 


Kathryn Partin, new head of the Office of Research 
Integrity, is clashing with staff. 


superiors have declined to comment on the 
staff turmoil or on specific plans for change. 
“We are focused on examining all of our 
processes, and all of the ways we can sup- 
port institutions in their investigations,’ the 
former neuroscientist told Science in her first 
interview since taking over. (Partin provided 
written responses to emailed questions; an 
edited transcript of the interview is online at 
http://bit.ly/ORIhead.) 

ORI was created 24 years ago to po- 
lice research misconduct among scientists 
funded by the National Institutes of Health 
(NIH) and other HHS agencies. The office’s 
13-person investigative division currently re- 
lies mainly on probes by researchers’ home 
institutions to produce about a dozen re- 
search misconduct findings a year. An educa- 
tion division runs research integrity teaching 
programs and helps organize well-regarded 
“boot camps” for university research integrity 
officers (RIOs). A model for science agencies 
in other countries, ORI is “by far the most 
important research integrity program in the 
world,’ says Nicholas Steneck of the Univer- 
sity of Michigan, Ann Arbor, a research ethics 
expert who has worked closely with ORI. 

The penalties ORI delivers usually don’t go 
beyond a negotiated ban on seeking federal 
grant funds for a few years. That publicly an- 
nounced debarment effectively ends most re- 
search careers, one ORI investigator stressed 
to Science. Partin appears to support that 
approach. “I believe that our current model 
of very aggressive notification to the public, 
journals, and funding offices of our findings 
of research misconduct has merit.” 

Others think ORI’s sanctions are too 
light. In one recent misconduct case involv- 
ing an AIDS vaccine researcher who ac- 
cepted a 3-year funding ban, Senator Charles 
Grassley (R-IA) complained that ORI or 
HHS should have taken stronger actions. 
After his intervention, federal prosecutors 
took on the case and won a lengthy 
jail term for the scientist, along 
with an order that he pay back 
$72 million in grant money 
(Science, 10 July 2015, p. 122). 

ORI’s new head spent 20 years 
at Colorado State University (CSU), 


dation (NSF) as her acting deputy 
director, a possible sign that she 


Often negotiates voluntary exclusions 
from seeking federal funding. 


Can recommend debarment or 
other sanctions by NSF. 


Fort Collins, where she served as 
CSU’s RIO and oversaw research 


wishes to expand ORI’s powers to 
mirror those of the research integ- 


Oversees institutions’ investigations. 


Can conduct independent investigations. 


ethics education. While she was 
there, NSF found that a CSU plant 


rity division within NSF’s Office of 
Inspector General, which can issue 


No subpoena authority. 


Can subpoena, issue search warrants. 


scientist had published fabricated 


subpoenas, for example (see table, 
right). But in one of several let- 


Publishes findings in Federal 
Register with names. 


Publishes case summaries but 
names redacted. 


data with a postdoc, resulting in 
many retracted papers. “I learned 
how devastating findings of re- 


ters of protest to Partin’s superiors 


at the Department of Health and _ since 2013. 


856 26 AUGUST 2016 » VOL 353 ISSUE 6302 


No plagiarism findings 


of research misconduct. 
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Plagiarism makes up 81% of findings 


search misconduct are—to the in- 
dividual, the department, and the 
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whole institution,” Partin says. 

At ORI, Partin says she has gathered in- 
put about what her office could do better. 
The research community wants faster case 
closure, more guidance on handling retrac- 
tions, and more data on misconduct trends, 
she says. Partin has also named Scott Moore, 
an investigative scientist and attorney who 
works at NSF’s Office of Inspector General in 
Arlington, Virginia, as her acting deputy. The 
objective is “not for ORI to become more like 
NSF, but rather to allow both organizations 
to benefit from sharing information about 
processes and procedures,” she says. 

Partin may be looking to NSF for ideas 
about how to handle charges of plagiarism. 
Although 81% of NSF’s research misconduct 
findings involve plagiarism, ORI has left 
most plagiarism allegations to institutions to 
handle. ORI’s policy in this area “deserves a 
fresh look,” Partin says. Some research integ- 
rity experts who spoke with Science agreed. 
But expanding ORI’s purview would mean 
a much larger caseload for an already over- 
whelmed staff, warns Wright, now at Michi- 
gan State University in East Lansing. 

In Wright’s view, ORI should have sub- 
poena power and should sometimes con- 
duct its own investigations. Partin, however, 
remains publicly noncommittal on those 
issues. “If it ... becomes clear that ensuring 
integrity ... warrants a change in the rules, 
then the only responsible thing for ORI to do 
is to initiate that conversation,’ she says. 

ORI’s $8.6 million budget would likely 
need a boost to make use of any expanded 
powers—and changing its authority would 
not be for the faint of heart. “It would be 
a cold day in hell before most of the major 
research groups would recommend bolster- 
ing and strengthening ORI,” Steneck says. 
Partin says she realizes agency rulemaking is 
a “long and difficult process.” But, she adds, 
“In the short term, there is much we can do 
without going that route.” 

Partin may need to resolve the friction 
within ORI first. A 10 May letter from six of 
the office’s scientist-investigators complains 
that Partin has “apparently concluded that 
she cannot work with” either division di- 
rector. The letter also takes her to task for 
“lack of transparency’—noting in particular 
Moore’s arrival. “Tensions and conflict” are 
“tearing this office apart,’ the letter says. 

ORI watchers say that whatever changes 
Partin makes, she should aim for stability 
within the staff, which has the unusual blend 
of science and legal expertise needed to deal 
with research misconduct and has formed 
long-running relationships with universities. 
“ORI needs strong leadership at all levels 
and staff continuity. The public would not be 
well-served if research were to lose its con- 
science,’ Steneck says. 


SCIENCE sciencemag.org 


ASTRONOMY 


The exoplanet next door 


Earth-like planet found 4 light-years away around 
Proxima Centauri, the closest star 


By Daniel Clery 


ay hello to our nearest neighbor. 

After years of scrutinizing the clos- 
est star to Earth, a red dwarf known as 
Proxima Centauri, astronomers have 
finally found evidence for a planet, 
slightly bigger than Earth, well within 

the star’s habitable zone—the range of 
orbits in which liquid water could exist on 
its surface. 

Researchers have already found hun- 
dreds of similarly sized planets, and many 
appear to be far better candidates for host- 
ing life than the one around Proxima Cen- 
tauri, called Proxima b. But researchers are 
excited because the planet, just 
4.25 light-years away, may be 
within reach of telescopes and 
techniques that could reveal 
more about its composition and 
atmosphere than that of any 
other exoplanet discovered to 
date. “This is the best planet we 
have [for study] right now, no 
question,” says planetary scien- 
tist Sara Seager of the Massa- 
chusetts Institute of Technology 
in Cambridge. 

Rumors had been circulating 
for weeks about the discovery, 
announced on 24 August in Na- 
ture. The planet was found using 
the radial velocity method: Tele- 
scopes scrutinize a star’s light to 
see whether its frequency is pe- 
riodically stretched and squeezed by move- 
ment of the star as it is tugged away from 
and toward us by an orbiting planet. The 
task was especially difficult for Proxima Cen- 
tauri, because it tends to flare up dramati- 
cally, obscuring the planet-induced signal. 

In recent years, a number of groups had 
found inconclusive hints of a planet around 
the star. “We designed an experiment to 
confirm what we suspected was there,” says 
team leader Guillem Anglada-Escudé of 
Queen Mary University of London, who used 
the European Southern Observatory’s High 
Accuracy Radial velocity Planet Searcher 
(HARPS) spectrograph on a 3.6-meter tele- 
scope in Chile. Their Pale Red Dot cam- 
paign, carried out on HARPS from January 
to the end of March, revealed a planet 
1.3 times the mass of Earth orbiting the star 
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every 11.2 days. “This solidifies our view that 
rocky planets are everywhere, ubiquitous, 
around all kinds of stars,” says astrophysicist 
Nikku Madhusudhan of the University of 
Cambridge in the United Kingdom. 

The red dwarf’s dimness means that liquid 
water could exist on Proxima b even though 
it orbits at just 5% of the Earth-sun distance. 
Apart from that, it has little to recommend it 
for life. It’s probably tidally locked, meaning 
that it always presents the same face to the 
star and has a hot side and a cold side, al- 
though a circulating atmosphere could mod- 
erate temperatures. During stellar flare-ups, 
it is probably blasted with intense ultraviolet 
light and x-rays, along with particles—unless 


Water could exist on Proxima b, but the planet’s surface (imagined 
here) may be blasted by radiation from its flaring red sun. 


it has a protective magnetic field like Earth’s. 
Nevertheless, Anglada-Escudé says, there 
is “a reasonable range of parameters that 
could make it a comfortable planet.” 

Astronomers are now studying the star 
to see whether Proxima b’s orbit takes it in 
front of the star as viewed from Earth. If it 
does, then the spectrum of starlight passing 
through its atmosphere could reveal vol- 
umes about its structure and composition. 
“That would be amazing. A dream come 
true,” Seager says. Next decade, a generation 
of extremely large telescopes may be able to 
image it—our first direct look at another po- 
tentially habitable world. 

And if sending a probe across the trillions 
of kilometers of space to visit a nearby star 
system ever becomes feasible, engineers 
have their first target. 
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THE CARBON ACCOUNTANT 


Richard Heede pins much of the responsibility for climate change 
on just 90 companies. Others say that’s a cop-out 


ast month, geographer Richard 
Heede received a subpoena from 
Representative Lamar Smith (R-TX), 
chairman of the House of Represen- 
tatives Committee on Science, Space, 
and Technology. Smith, a climate 
change doubter, became concerned 
when the attorneys general of several 
states launched investigations into 
whether ExxonMobil had committed fraud 
by sowing doubts about climate change even 
as its own scientists knew it was taking place. 
The congressman suspected a conspiracy 
between the attorneys general and environ- 
mental advocates, and he wanted to see all 
the communications among them. Predict- 
ably, his targets included advocacy organiza- 
tions such as Greenpeace, 350.org, and the 
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Union of Concerned Scientists. They also in- 
cluded Heede, who works on his own aboard 
a rented houseboat on San Francisco Bay 
in California. 

Heede is less well known than his fellow 
recipients, but his work is no less threaten- 
ing to the fossil fuel industry. Heede (pro- 
nounced “Heedie”) has compiled a massive 
database quantifying who has been respon- 
sible for taking carbon out of the ground 
and putting it into the atmosphere. Work- 
ing alone, with uncertain funding, he spent 
years piecing together the annual produc- 
tion of every major fossil fuel company 
since the Industrial Revolution and con- 
verting it to carbon emissions. 

The results showed that nearly two-thirds 
of the major industrial greenhouse gas emis- 
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sions (from fossil fuel use, methane leaks, 
and cement manufacture) originated in just 
90 companies around the world, which either 
emitted the carbon themselves or supplied 
carbon ultimately released by consumers and 
industry. As Heede told The Guardian news- 
paper, you could take all the decision-makers 
and CEOs of these companies and fit them on 
a couple Greyhound buses. 

The study provoked controversy when 
it was published in 2013, with some com- 
plaining that it unfairly held the fossil fuel 
industry responsible for the lifestyle choices 
made by billions of consumers. “It’s a cop- 
out to blame the producers of products that 
we have demanded, and benefited from, 
for more than a century,’ wrote Severin 
Borenstein, a business and public policy 
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The output of this 
oil refinery in Rodeo, 
California, is a small 

part of Richard Heede’s 
carbon inventory. 


expert at the University of California (UC), 
Berkeley, in a blog post. 

Others, however, saw the study as a turn- 
ing point in the debate about apportioning 
responsibility for climate change. With tra- 
ditional environmental issues, such as river 
pollution or toxic waste, it has always been 
possible to identify perpetrators who could be 
targeted for regulation or enforcement. But 
greenhouse gases are emitted everywhere, in 
every process that involves combustion. “For 
decades there’s been a persistent myth that 
everyone is responsible, and if everyone is 
responsible then no one is responsible,” says 
Carroll Muffett, president and CEO of the 
Center for International Environmental Law 
in Washington, D.C., who also serves on the 
board of a nonprofit that Heede co-founded. 
“Rick’s work for the first time identifies a dis- 
crete class of defendants.” 

Heede’s carbon accounting is already 
opening a new chapter in climate change 
litigation and policy, helping equip plain- 
tiffs who believe they have suffered damages 
from climate change to claim compensa- 
tion. “Rick’s work really helps connect the 
dots,’ says Marco Simons, general counsel 
of EarthRights International, a Washington, 
D.C.-based legal group that defends the 
rights of the poor. “He hasn’t sought 
out the spotlight, but I think his work is 
tremendously important.” 
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HEEDE TALLIES CARBON OBSESSIVELY. When 
we discussed my plans to fly out from Boston 
to Sausalito, California, where his houseboat 
is anchored, he did a quick calculation and 
told me that my share of the flights would 
add 716 kilograms of carbon to the atmo- 
sphere. “And if you’d driven an average car 
the trip would be 1.78 tons of CO, [carbon 
dioxide]” he added, apparently riffing on 
his own compulsiveness. During my visit I 
noticed that when he boiled water to make 
noodles for lunch he put a frying pan on the 
pot instead of a lid—to preheat the pan so it 
would use a tiny bit less fuel to heat up the 
stir-fry. “It’s a practice of mine to figure out 
how I can minimize energy use.” 

He was born in Norway into a long line of 
watchmakers, which may contribute to his 
own meticulousness. At 15, he and his par- 
ents immigrated to the United States. His 
father was a consulting engineer, but the 
younger Heede wasn’t keen on “fixing prob- 
lems that should not have been created in the 
first place’—which, he admits, is exactly what 
he’s doing these days. 

Heede has spent most of his life in Colo- 
rado, and he has the solid build and weath- 
ered face of someone who has spent lots of 
time in the mountains. He earned under- 
graduate and master’s degrees in geo- 
graphy at the University of Colorado, Boulder, 
and then joined forces with Amory Lovins, 
the soft-energy guru who co-founded the 
Rocky Mountain Institute in Boulder. Ronald 
Reagan had just been elected president, and 
his administration moved to gut subsidies for 
alternative energy sources, claiming that they 
were not economically competitive. Heede 
tested that assertion, analyzing the federal 
budget to find the hidden subsidies to the 
coal and oil industries, even including the 
cost of treating workers who developed black 
lung disease from coal mining. 

Contrary to Reagan administration claims, 
Heede showed that the vast bulk of federal 
energy subsidies went to conventional energy 
sources. He wrote a report, testified to Con- 
gress, and wrote an opinion piece in The Wall 
Street Journal. “T don’t recall getting any calls 
as a result,’ he says. It was an early taste of 
working in obscurity. 

In 2003, he left the Rocky Mountain In- 
stitute to form Climate Mitigation Services, 
a consulting firm specializing in surveying 
and mitigating greenhouse gas emissions. 
One of his early clients was Aspen, Colorado, 
a rich and progressive ski town whose lead- 
ers wanted to act decisively to reduce emis- 
sions. They hired Heede to do a baseline 
greenhouse gas inventory with the broadest 
possible scope—including not only activities 
within the city, but the cars and airplanes 
that annually brought in hundreds of thou- 
sands of tourists ... in short, Heede recalls, 
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“everything that uses energy as a result of 
Aspen’s existence.” 

The exercise raised fascinating questions, 
Heede says: “What is a community, and what 
is a boundary? There’s leakage everywhere: 
airplanes, trucks, cars, visitors. How do you 
quantify that stuff?” 

Heede interviewed airport managers and 
checked their logs to find out which air- 
craft served the more than 178,000 annual 
passengers, calculating fuel consumption 
and emissions for each flight. Standing at 
the main bridge into Aspen for hours at a 
time, he categorized the cars that went by— 
sedans, SUVs, trucks, vans. Then, he used his 
records to estimate emissions from the 13,000 
vehicles tabulated by an automated counter 
each day. In the end, he determined that in 
2004, Aspen was responsible for more than 
840,000 tons of carbon emissions—“roughly 
equivalent to a large, diesel-powered aircraft 
carrier running flank speed at all times.” This 
and subsequent reports enabled the city to 
reduce its emissions despite a growing popu- 
lation and economy. 

Aspen was an early test of Heede’s ability 
to gather information and see beyond obvi- 
ous boundaries—the invisible ripples from 
every project that affect the infinitely inter- 
connected atmosphere. In the early 2000s, 
for example, an Australian firm proposed 
building a liquefied natural gas terminal off 
the California coast. It seemed a good way 
to transition to a low-carbon “bridge” fuel. 
But, Heede says, “They hadn’t done any work 
on life cycle emissions.” When he tallied all 
the direct and indirect emissions—from the 
gas extraction in Australia to distribution in 
California—he found that the project would 
have produced nearly a third more carbon 
than anticipated. His analysis helped per- 
suade California officials to vote it down. 

Later, he tackled targets that produce big- 
ger but more diffuse ripples. Several U.S. cit- 
ies and environmental groups were suing the 
Export-Import Bank of the United States and 
the Overseas Private Investment Corpora- 
tion, alleging the institutions were financing 
projects that would damage Earth’s climate. 
The plaintiffs retained Heede to analyze the 
carbon emissions resulting from the banks’ 
loans and investments around the world, 
from a gas project in Central Africa to a coal 
mine in Poland. He found that the projects 
were directly and indirectly emitting nearly 
2 billion metric tons of CO, per year—almost 
8% of the world’s emissions. The plaintiffs 
won: The banks agreed to conduct environ- 
mental impact statements, create carbon- 
sensitive policies, and increase their financ- 
ing of renewable energy projects. 

Meanwhile, a new idea was coalesc- 
ing in the environmental law community. 
For years, attorneys had litigated so-called 
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Holding carbon producers accountable 


Analyzing the amount of carbon that the fossil fuel and cement industries have extracted from the ground, Heede found that more than 60% of emissions 


4 Organization of 
Petroleum Exporting 
Countries imposes oil 
embargo on United States. 


since the Industrial Revolution can be traced to the “carbon majors"—companies producing at least 8 million tons of carbon a year. 
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The eight top fossil fuel companies have experienced name changes and production peaks and drops (see numbered events). But by tracking production 
and emissions throughout their histories, Heede was able to calculate their contribution to the world's cumulative greenhouse gas emissions. 


Annual emissions 
(million metric tons of CO,) 


Saudi Aramco, Saudi Arabia 


Petréleos Mexicanos, Mexico 


534 
e 
(4) 
1890 1920 1950 1980 2013 1890 1920 1950 1980 2013 
Gazprom, Russia BP, United Kingdom 
5) 1135 
ot 428 
e 
1890 1920 1950 1980 2013 1890 1920 1950 1980 2013 
National Iranian Oil Co., Iran Royal Dutch Shell, the Netherlands 
739 
? a 417 
a 
1890 1920 1950 1980 2013 1890 1920 1950 1980 2013 
ExxonMobil, United States Chevron, ed 
United States 
555 
e 349 
e 
1890 1920 1950 1980 2013 1890 1920 1950 1980 2013 
860 26 AUGUST 2016 » VOL 353 ISSUE 6302 


Cumulative impact 
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environmental justice cases to redress the 
fact that poor people disproportionally suf- 
fer from pollution. By the early 2000s, it was 
becoming clear that the poor will also face 
the heaviest impacts of climate change. But 
how do you structure a liability case when 
the entire world takes part in the carbon 
economy? Can a Pacific Islander whose town 
has been flooded sue 7 billion people? Search- 
ing for more specific culprits, Peter Roderick, 
head of the Climate Justice Programme for 
Greenpeace International in London, com- 
missioned Heede to study ExxonMobil and 
quantify total greenhouse emissions across 
its history. 

He would have to follow a tangled corpo- 
rate path. Founded as Standard Oil by John 
D. Rockefeller in 1870, the company became 
one of the world’s largest multinationals 
until 1911, when the Supreme Court split it 
into several “baby Standards.” Decades later, 
two of the largest of those firms merged to 
form ExxonMobil. Heede tracked down pro- 
duction figures in annual reports scattered 
among university archives on two continents, 
supplemented by court documents, news 
reports, and academic and industry papers. 
Then he converted production volumes to 
CO, and methane. He included direct emis- 
sions, for instance from the fuels used to 
run the company’s operations, and indirect 
emissions released by the combustion of 
its products. 

After 15 months of research, Heede con- 
cluded that ExxonMobil and its precursors 
had directly or indirectly emitted 20.3 billion 
metric tons of CO, and 199 million metric 
tons of methane. Friends of the Earth calcu- 
lated that the quantity represented between 
4.7% and 5.3% of humanity’s industrial 
greenhouse gas emissions since 1882. 

“T thought, ‘This is exactly the kind of 
thing I had in mind,” Roderick recalls. 
“But I knew it was just a small part of the 
big picture.” 

Roderick commissioned Heede to look 
at the entire fossil fuel industry. To make 
the project manageable, they limited it to 
companies that produced at least 8 mil- 
lion tons of carbon per year, the so-called 
“carbon majors.” The research took 8 years. 
Money from the original grant ran out, and 
after the crash of 2008 Heede’s consulting 
business collapsed. He maxed out his credit 
card, borrowed against his Colorado house, 
and scraped by, enlisting graduate students 
in several countries to photocopy and send 
him papers, which he checked and double- 
checked with a watchmaker’s precision. He 
filled shelves with binders of information 
and spent thousands of hours entering it into 
spreadsheets, working alone, often until mid- 
night. “I take pleasure in that kind of stuff,’ 
Heede says. “I like to pay attention to detail.” 
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SITTING AT DUAL MONITORS in the captain’s 
cabin of his houseboat, Heede takes me on 
a tour of his data set, a seemingly endless se- 
ries of color-coded and cross-indexed spread- 
sheets. Each sheet lists hundreds of entries, 
with columns showing the year and total pro- 
duction volumes for products such as crude 
oil, natural gas, and varieties of coal. Click- 
ing on a company’s name opens additional 
spreadsheets with the company’s year-by-year 
production, plus screenshots of its annual re- 
ports for verification. Color-coded flowcharts 
display the evolution of companies as they 
separated or merged. The flowcharts from 
Russia are particularly ornate, as they incor- 
porate the transformation of companies after 
the fall of the Soviet Union. (Heede got pro- 
duction data for the Soviet companies from 
Central Intelligence Agency analyses and the 
International Energy Agency.) Detailed anno- 
tations reveal his methods and calculations. 
The structure of these charts, so layered and 
interlocking, seems almost 
medieval in its complexity, 
and Heede seems monklike in 
his devotion to compiling it. 


“Frankly, we're 


ers and therefore we're all guilty. To create 
a narrative that involves corporate guilt as 
opposed to problem-solving is not going to 
solve anything.” 

Heede concedes that the responsibility is 
shared. “I as a consumer bear some respon- 
sibility for my own car, etcetera. But were 
living an illusion if we think were making 
choices, because the infrastructure pretty 
much makes those choices for us.” He focused 
on fossil fuel companies, he says, because 
unlike industries that produce greenhouse 
gases as a byproduct (such as the automobile 
industry, which has adhered to increasingly 
strict mileage standards), the mission of fos- 
sil fuel companies is to pull carbon out of the 
ground and put it into commerce. 

His data, together with an emerging line 
of research that uses computer models to 
discern how likely it is that a given storm, 
flood, or heat wave was related to human- 
caused emissions, are now driving efforts 
to allocate responsibility for 
climate change. Last year, 
for instance, several non- 
governmental organizations 
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63% of the greenhouse gases were all guilty. to take remedial actions on 


emitted globally between 1751 
and 2010. Half of those emis- 
sions took place after 1988— 
the year James Hansen of NASA testified to 
Congress that there was no longer any doubt 
that global warming had begun. 

The data “just blew me away,’ says Naomi 
Oreskes, a science historian at Harvard Uni- 
versity and co-author of the book Merchants 
of Doubt, which compares the fossil fuel in- 
dustry to the tobacco industry in its efforts 
to raise doubts about science. “Everyone talks 
about this as a problem since the Industrial 
Revolution, but I now think that’s incorrect,’ 
she says. Heede has shown that the roots of 
the problem are more recent and easier to 
trace. In 2011, Oreskes joined Heede in cre- 
ating the Climate Accountability Institute, 
a nonprofit devoted to quantifying the con- 
tribution of fossil fuel companies to climate 
change and investigating their alleged at- 
tempts to obfuscate the science. 

Other people criticize the work as over- 
simplified and naive. David Victor, a politi- 
cal scientist and energy policy specialist at 
UC San Diego and a co-author of the 2015 
Intergovernmental Panel on Climate Change 
report, doesn’t question Heede’s numbers 
but says his approach is wrongheaded. “It’s 
part of a larger narrative of trying to create 
villains; to draw lines between producers as 
responsible for the problem and everyone 
else as victims. Frankly, we’re all the us- 
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David Victor, University 
of California, San Diego 


behalf of typhoon survivors 
in the islands, which suffer 
devastating storms that may 
have worsened as a result of climate change. 
“Heede’s report is one of the bedrock pieces 
of science and research that helped form our 
campaign,” says Kristin Casper, litigation 
counsel for Greenpeace’s Global Climate 
Justice and Liability Project in Toronto, 
Canada. In late July, the commission sent 
orders to 47 of the world’s largest investor- 
owned fossil fuel companies, asking them to 
respond to the human rights charges in the 
petition. Similar actions and lawsuits are 
proceeding in several other countries. 

Now, Heede is extending his carbon ac- 
counting into the future, quantifying the 
potential carbon release from future fossil 
fuel exploration. Like the other recipients of 
Representative Smith’s subpoena, he has no 
intention of complying with what he calls a 
“campaign to intimidate us and stop scientific 
research.” At the same time, he confesses an 
admiration for the fossil fuel industry, which 
has made “fantastic efforts to find resources 
for the betterment of humanity,’ often in the 
harshest environments. They’ve done such a 
good job that we haven’t paused to reflect on 
the unintended consequences, he says. “And 
now we have to cope with the result.” 


Douglas Starr is co-director of the program 
in science journalism at Boston University. 
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EUROPE’S NEW 
HEPATITIS PROBLEM 


Many get infected with hepatitis E, and a few 
get very sick. How can the virus be stopped? 


By Kai Kupferschmidt 


Imost immediately after Holger 
Stadler* received a new heart, his 
body began to reject it. To save 
the 58-year-old retired plumber 
from northern Germany, doctors 
replaced his blood plasma with 
donated plasma lacking the anti- 
bodies that targeted the donor 
organ. It worked—but 3 years later, 
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it’s clear that Stadler received something else 
in the bargain: the hepatitis E virus (HEV). 
It’s a pathogen that most people get rid of 
easily without even getting sick. But Stadler 
is taking drugs that dampen his immune 
system to prevent another rejection of his 
heart. As a result, he can’t clear the virus; it 
has been quietly replicating in his liver ever 
since. “If that is not resolved, it leads to liver 
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A pig liver sausage named figatellu (left) 
has been linked to hepatitis E infections. 


fibrosis, then liver cirrhosis, then death,” 
Sven Pischke, his doctor at the Univer- 
sity Medical Center Hamburg-Eppendorf, 
says matter-of-factly. “That was a shock, of 
course,” Stadler says. 

Patients like him are a new challenge for 
European physicians. Until a few years ago, 
no one even knew they existed. Hepatitis 
E was seen as an exotic disease that travel- 
ers from India or Africa sometimes brought 
home. Now, it’s clear that there’s a silent 
epidemic of the virus at home, with an es- 
timated 300,000 people infected annually 
in Germany alone. Most appear to catch it 
from eating pork, with blood and plasma 
transfusions playing a smaller role. The virus 
occurs in other developed countries as well— 
including the United States, Japan, and 
Australia—though infections appear to be 
much rarer there. 

Scientists are still scrambling to under- 
stand the epidemiology of hepatitis E, but 
they know that in Europe, infection rates ri- 
val those for other major hepatitis pathogens 
(A, B, and C). Two questions are looming 
large: Should blood donations be screened 
for the virus? And what can be done to elimi- 
nate it from swine herds? 


RESEARCHERS SUSPECTED a new form of 
hepatitis in 1978, when hundreds of people 
in Jammu and Kashmir, in northern India, 
got sick—and four men and six pregnant 
women died—from what appeared to be a 
waterborne hepatitis virus. Similar but larger 
outbreaks followed in India, Pakistan, and 
China, killing thousands of people, many of 
them pregnant women. It wasn’t until 1983 
that Russian scientist Mikhail Balayan iso- 
lated the virus from his own stool after a 
gutsy self-experiment: He drank a cocktail of 
yogurt and stool samples from Soviet soldiers 
infected in Afghanistan. Hepatitis E became 
known as an important waterborne patho- 
gen in Asia and Africa; two strains, named 
genotype 1 and 2, together kill an estimated 
58,000 people per year. 

But in 1997, scientists discovered that pigs 
in the U.S. Midwest carried a new strain of 
the virus, which they named genotype 3. It 
was soon identified in European pigs as well, 
and surveys showed that many Europeans 
had antibodies to it, a sign they had been in- 
fected at some point in their lives. Genotype 3 
was very different from its relatives: Pork, not 
dirty water, appeared to be its main trans- 
mission route, and it seemed not to cause any 
symptoms. “Hepatitis E does not exist,” says 
Hans Zaaijer, who heads the department of 
bloodborne infections at Sanquin, a nonprofit 
blood transfusion service in Amsterdam. 
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“These are two completely distinct diseases.” 
(It’s not clear whether genotype 3 might also 
spread in developing countries, hiding in the 
shadow of its more obvious relatives.) 

Alas, the new strain wasn’t as innocu- 
ous as it seemed. In 2008, French research- 
ers reported that in a group of 300 recent 
transplant patients, 14 had an acute hepatitis 
E infection. Six got rid of the virus quickly, 
but eight couldn’t seem to shake it. At Han- 
nover Medical School in Germany, hepatitis 
specialist Heiner Wedemeyer couldn’t believe 
it at first. “We are one of the largest trans- 
plantation centers in Europe,” he remembers 
thinking. “We would have seen that.’ But 
when he started screening patients he soon 
found some that were chronically infected 
with hepatitis E, as did other clinics all over 
Europe. Patients had one thing in common: a 
weakened immune system. 

There’s not much doctors can do to 
help them. For transplant patients, one 
option is lowering the doses of immuno- 
suppressive drugs to allow the immune 
system to regenerate, but this increases the 
risk of organ rejection. Doctors also use 
ribavirin, a drug approved for hepatitis C 
and several other viral infections. But there 
hasn’t been a controlled trial yet, and riba- 
virin has serious side effects. 

These patients are the visible part of a 
much wider epidemic. Surveys have shown 
that 17% of adults in Germany have anti- 
bodies against the virus, meaning they be- 
came infected at some point; so do 14% in 
Austria, 4% in southern Italy, and 27% in 
the Netherlands. One Dutch study found 
that antibody levels in people aged 18 to 21 
dropped from almost 20% in 1995 to less than 
5% in 2000, then rose again to 13% in 2011, 
which suggests the infection is re-emerging, 
says Zaaijer, a co-author on the study. 

Blood and blood products account for at 
least some of the new infections. One study 
suggested that 1200 blood components con- 
taining the virus are transfused each year in 
the United Kingdom, and roughly one in a 
thousand blood donors in the Netherlands 
carries the virus. (By contrast, a recent U.S. 
study found the virus’s genetic material in 
just one donor per 9500.) 

A much bigger risk factor is the consump- 
tion of sausages and other pork products. 
Hepatitis E has been shown to be ubiquitous 
in swine herds in many European countries. 
Most animals become infected without get- 
ting sick between 3 and 6 months after birth, 
when antibodies inherited from their moth- 
ers start to wane. And there’s strong evidence 
that the virus is passed on to humans through 
pork. In one study, Wim van der Poel, a vet- 
erinary virologist at Wageningen University 
and Research Centre in the Netherlands, ana- 
lyzed hepatitis E sequences found in Dutch 
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blood donors between 2010 and 2015. “When 
we looked for the closest sequence ever 
found, [it] was always a swine sequence from 
the same region,” he says. 

What’s unclear is which pork products 
carry the highest risk. In one region in the 
south of France, infections have been linked 
to consumption of figatellu, a pig liver sau- 
sage that’s often eaten raw. Scientists are still 
trying to pinpoint which other products con- 
tain the virus. It’s difficult to culture the virus 
from meat products, and looking directly for 
viral RNA is technically complicated; more- 
over, finding RNA does not mean the food 


of transfusion medicine at the Paul Ehrlich 
Institute in Langen, Germany, a federal insti- 
tute responsible for blood safety. But he sup- 
ports screening blood products before use in 
immunocompromised patients. The virus’s 
apparent ubiquity in pork products and else- 
where in the environment also makes general 
blood screening questionable, Zaaijer says. 
“Tt’s like screening donors for flu in times 
of flu. The blood is safe, but the air isn’t,’ he 
says. It’s far more important to make food 
and water free of hepatitis E, he adds. 

One way to do that would be to vaccinate 
pigs. A human vaccine has already been 


The two faces of hepatitis E 


Genotype 3 primarily spreads through pork and causes “silent epidemics” in developed countries, 
as does genotype 4. Genotypes 1 and 2 spread through dirty water and cause outbreaks, often with 


many deaths, in the developing world. 
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contains intact virus that can infect a con- 
sumer. Meanwhile, some studies have also 
shown a risk from eating shellfish or fruit. 
In the United States, in contrast, 
hepatitis E “is very rare even in transplant 
patients and the immunosuppressed,’ says 
Jay Hoofnagle of the National Institute of 
Diabetes and Digestive and Kidney Diseases 
in Bethesda, Maryland. One theory is that 
US. residents eat less raw or undercooked 
pork. Another theory: Pigs in Europe may 
suffer from immune deficiencies because 
of some other infection. “An HIV-like agent 
may cause pigs or wild boar to develop 
chronic HEV infection,’ Hoofnagle says. 


WITH SO MANY UNKNOWNS, controlling this 
silent epidemic is a challenge. Ireland al- 
ready screens blood products for hepatitis 
E, and other countries are debating doing 
so. Like everything else involving the blood 
supply, “it’s a touchy subject,’ Pischke says. 
Screening is costly and may not make sense 
for the general population, which has little 
to fear from HEV, says Rainer Seitz, head 
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approved in China, and scientists think a 
swine vaccine is feasible as well. But getting 
pig farmers to adopt it would be difficult, 
Van der Poel predicts, because their animals 
don’t get sick. And you’d have to be care- 
ful to vaccinate every last animal in a herd, 
Zaaijer adds; otherwise, the virus might just 
spread slowly, meaning that animals would 
get infected later in life, closer to slaughter, 
which might increase the risk in meat. 

Reimar Johne, who studies hepatitis E at 
the Federal Institute for Risk Assessment in 
Berlin, is trying to find out how the virus 
can be inactivated in food. Twenty minutes 
at 70°C destroys it, but what about drying, 
smoking, or curing meat? To find out, Johne 
has started to make sausages in the lab him- 
self. After adding a strain of hepatitis E, he 
can process the meat any way he wants and 
check whether viable virus survives. “It’s a bit 
artificial,’ he says. “But for the moment, it’s 
all we have.” 


*Holger Stadler’s name has been changed at 
his request. 
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Hassles versus prices 


How can subsidized health products best target 
those who value them? 


By Benjamin A. Olken 


uppose that a government or NGO 
has a valuable health product, such as 
bed nets to prevent infection by ma- 
larial mosquitoes or hand soap to pre- 
vent the spread of disease. It wants to 
distribute this product to those who 
need it, but not everyone needs or will use 
the product. Thus, if the organization gives 
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the product away for free, a substantial 
amount may be wasted. On page 889 of this 
issue, Dupas et al. show that introducing 
small hassles, such as visiting a store each 
month to redeem a voucher, can be a much 
more effective way of reducing wastage than 
charging for the product (1). 

Many organizations and governments 
charge a price even for heavily subsidized 
goods to screen out those who would not 
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use the product. The idea is that those who 
would not use a product value it less and 
would not buy it once it is priced. However, 
if the product is needed most by the poor, 
those who need it the most may no longer 
be able to afford it. Several studies have 
found that raising prices for these types 
of goods substantially reduces take-up but 
does not dramatically change usage rates 
among those who obtain the product (2-6). 
In short, charging a price screens out peo- 
ple not just based on how much they will 
use the product but also based on income. 
Dupas et al. aimed to find an alternative 
way to eliminate wastage without charg- 
ing a monetary price and thus discourag- 
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ing the very poor. In their experiment, they 
compare three mechanisms for distributing 
a chlorine solution for treating household 
drinking water in Kenya: giving the chlo- 
rine away for free door-to-door to those 
who want it, offering people at their door- 
step the option to buy chlorine at 50% off 
the retail price, or giving them a voucher 
that can be redeemed each month for free 
chlorine at a nearby shop. The key idea of 
the third mechanism is that going to the 


chlorine at 50% off the retail cost had wa- 
ter that tested positive for chlorine. Poorer 
households that may have used the chlo- 
rine under the voucher or free distribution 
treatment were screened out by the price. 
The idea that time costs can be used to 
help target the poor is not limited to sub- 
sidized health products. The basic idea is 
that, whereas money is particularly scarce 
for the poor, time is not, and so time costs 
can be used to screen (7). This does not im- 


Rural populations in many African countries do not have access to safe drinking water. A study in Kenya shows that 
giving out free water treatment vouchers helps to reach those households that need or will use the water treatment. 


shop is a small hassle, costing time (scarce 
for both poor and rich) rather than money 
(particularly scarce for the poor). 

The experimental findings show that this 
type of small hassle can work. Requiring 
households to redeem the vouchers every 
month reduces the amount of chlorine given 
out by 60 percentage points compared with 
the free distribution group. Yet, the share of 
households actually using the chlorine falls 
by only 1 percentage point: 32.9% of house- 
holds in the voucher group had water that 
tested positive for chlorine, compared with 
33.9% in the free distribution group. Vouch- 
ers dramatically reduce wastage with only 
minor reductions in usage. 

Charging a price, by contrast, screens out 
more households that would have used the 
product. Only 12.4% of households offered 
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ply that the poor do not value their time—of 
course they do—but rather that the relative 
trade-off of time versus money is different 
for the poor, precisely because money is 
relatively scarcer than time for the poor. 
For example, in an experiment in In- 
donesia, my coauthors and I found that 
in villages where people had to come to a 
government office to apply to be screened 
for a cash transfer program, the resulting 
group of program recipients was poorer 
on average than in villages where govern- 
ment representatives screened all potential 
recipients at home (8). The logic in that 
case was slightly different than in Dupas 
et al.’s study, but the result was the same. 
In the Indonesia transfer program, middle- 
class people knew that they were unlikely 
to pass the screening test, whereas poor 
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people thought they would be likely to 
pass. When faced with a hassle cost—hav- 
ing to go to a government office and wait 
to be screened—those who do not expect 
to get the benefits, the middle class, self- 
select themselves out. But if the govern- 
ment comes to your house to give you the 
screening test at your doorstep, the cost of 
being screened is essentially zero, so even 
the middle class figure they might as well 
try—and since the formula is imperfect, 
some may wrongly qualify for benefits. 

Other types of government benefit pro- 
grams similarly use time costs to try to 
select just the poor for assistance. Work- 
fare programs, such as the Works Prog- 
ress Administration (WPA) in the United 
States during the Great Depression or the 
Mahatma Gandhi National Rural Employ- 
ment Guarantee Act (MGNREGA) in India 
today, are based on a similar idea. These 
programs guarantee low-paying, manual 
labor-based employment to anyone who 
needs it. The unemployed can access these 
government benefits by working. But peo- 
ple with another job cannot take up the 
program, because they need to spend that 
time working elsewhere. And, indeed, the 
poor and those who have the most diffi- 
cult time finding regular work are the ones 
who disproportionately take up these pro- 
grams (9, 10). 

The key innovation of Dupas et al’s study 
is to show that these same ideas—making 
people spend some time to claim a ben- 
efit—can be used for a different purpose, 
namely to target subsidized health products 
to those who need them. It is important, 
of course, that the time the poor spend on 
claiming benefits is not so onerous that it 
outweighs the benefits from better screen- 
ing. But when this can be done, it is an im- 
portant way of screening that, in contrast 
to prices, does not cut off those who may 
need the products the most. & 


REFERENCES 


1. P.Dupas, V. Hoffmann, M. Kremer, A. P. Zwane, Science 353, 
889 (2016). 

2. J.Cohen,P. Dupas, Q. J. Econ. 125,1(2010). 

3. N.Ashraf, J. Berry, J.M. Shapiro, Am. Econ. Rev. 100, 2383 
(2010). 

4. J.Berry,G. Fischer, R. P. Guiteras, “Eliciting and utilizing 
willingness to pay: Evidence from field trials in Northern 
Ghana," 2015, see http://personal.lse.ac.uk/fischerg/ 
Assets/BFG-EUWTP. pdf. 

5. Abdul Latif Jameel Poverty Action Lab (JPAL), “The price is 
wrong,’ April 2011, www.povertyactionlab.org/publication/ 
the-price-is-wrong. 

. P.Dupas, Science 345, 1279 (2014). 

. A.L.Nichols, R.J.Zeckhauser, Am. Econ. Rev. 72,372 (1982). 

. V.Alatas etal.,J. Polit. Econ. 124, 371(2016). 

. P. Dutta, R. Murgai, M. Ravallion, D. P. Van de Walle, 

“Does India's employment guarantee scheme guarantee 
employment?" World Bank Policy Research Working Paper, 
no. 6003, 2012. 

10. R.A.Margo, J. Econ. Hist. 51,333 (1991). 


OOnD 


10.1126/science.aah5055 


26 AUGUST 2016 + VOL 353 ISSUE 6302 865 


Downloaded from http://science.sciencemag.org/ on September 3, 2016 


INSIGHTS | PERSPECTIVES 


ORGANIC SYNTHESIS 


Building molecular complexity from scratch 


The Pauson-Khand cycloaddition reaction builds the tetracyclic core of (+)-ryanodol 


By Xavier Verdaguer 


ycloaddition reactions convert sim- 
ple unsaturated components into 
cyclic products. Because cyclic mol- 
ecules are intrinsically more complex 
than linear ones, cycloaddition reac- 
tions are ideally suited for building 
molecular complexity that characterizes 
many natural products used as pharma- 
ceuticals. The equivalent to the Diels-Alder 
reaction for forming six-membered rings in 
the construction of five-membered rings is 
the Pauson-Khand reaction, a [2+2+1] cy- 
cloaddition reaction between an alkene, an 
alkyne, and carbon monoxide. On page 912 
of this issue, Chuang et al. (1) have used a 
rhodium-catalyzed Pauson-Khand reaction 
to assemble the tetracyclic core of (+)-ry- 
anodol in an elegant 15-step synthesis. 
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The Pauson-Khand reaction represented 
a second chance for Peter Pauson to be re- 
membered in the chemistry community. 
He first came to prominence as the discov- 
erer of ferrocene (2, 3). When he visited my 
department in the early 1990s, he always 
spoke about the “Khand” reaction, refer- 
ring to his postdoctoral associate Ihsan U. 
Khand, who discovered in the 1970s what we 
call now the Pauson-Khand reaction while 
working with alkyne cobalt complexes and 
strained alkenes (4). 

The Pauson-Khand reaction (5) generates 
three new carbon bonds as it forms a cyclo- 
pentenone in one step. The Pauson-Khand 
reaction is a metal-promoted or -catalyzed 
process. Cobalt is the most widely used metal 
for this transformation, but other metals— 
such as rhodium, iridium, titanium, iron, 
and palladium—were reported to do the job. 
When a substituted alkene is used, a chiral 
cyclopentenone arises, thus allowing the de- 
velopment of enantioselective cyclizations. 

Complex molecules isolated from the 
plant or the animal kingdoms that show 
useful pharmaceutical activity usually need 


to be made synthetically to meet demand. 
Synthetic chemists quickly realized the po- 
tential of the Khand and Pauson cycload- 
dition process and embraced it in natural 
product synthesis. The most widely used 
variant is the intramolecular version of 
the process, in which the alkyne and al- 
kene units are linked, as in the synthesis of 
propindilactone G reported (see the figure) 
(6). In the intramolecular Pauson-Khand re- 
action, two rings are generated (highlighted 
in red). The chirality of the new ring system 
is substrate-dependent and is dictated by 
the chirality of the starting material. The in- 
tramolecular process is reliable for the syn- 
thesis of [3.3.0] and [3.4.0] bicyclic systems, 
and great advances have been made in the 
development of catalytic enantioselective 
processes (7). 

In contrast, the intermolecular version of 
the Pauson-Khand reaction is underdevel- 
oped and lags behind in its applications in 
the synthesis of natural products, mainly for 
two reasons. First, only strained alkenes re- 
act efficiently in the intramolecular process. 
Second, in practice, only cobalt carbonyl 


Making five-membered rings 


The Pauson-Khand reaction is the cycloaddition between an alkyne (blue), an alkene (green), and carbon monoxide. For the intermolecular reaction, a cyclopentenone 
(red) is generated (axinellamines A and B). For the intramolecular reaction, a fused bicyclic system (red) is formed (propindilactone G and ryanodol). Boc, tert-butyloxy- 
carbonyl; NMO, N-methylmorpholine-N-oxide; DCM, dichloromethane; Ar, aryl; Me, methyl. 
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complexes are suitable promoters for this 
process. Cobalt-alkyne complexes bearing 
chiral ligands have been used stoichiomet- 
rically in the reaction with norbornadiene 
in the asymmetric synthesis of carbanucleo- 
sides and 13-epi-12-oxo-phytodienoic (8, 9). 
However, efforts to turn this into a catalytic 
method have had limited success (10). 

An encouraging result with respect to 
widening the scope of olefins used in the 
intermolecular reaction can be found in the 
racemic synthesis of axinellamines 1 and 2 
(see the figure). Su et al. described the in- 
termolecular Pauson-Khand reaction of a 
nonstrained symmetrically substituted E- 
olefin to build a cyclopentenone at the first 
step of the synthesis (7). After 12 steps, this 
cyclopentenone was elaborated to yield the 
natural product. 

The synthesis of anxinellamines reflects 
the versatility of the cyclopentenone core. 
The a,f-unsaturated carbonyl can undergo 
multiple transformations, such as the clas- 
sical 1,4- and 1,2-additions. In the synthe- 
sis of (+)-ryanodol, Chuang e¢ al. present a 
stunning transformation of a cyclopente- 
none, in that a simple oxidation with SeO, 
provides a rearranged dihydroxy enone 
with all the hydroxyl groups in place with 
the right configuration. This single trans- 
formation and the Pauson-Khand cycliza- 
tion are the key steps in the synthesis and 
allow for concise synthesis. 

We can expect catalytic methods such as 
that used to synthesize (+)-ryanodol to be- 
come a general trend when performing an 
intramolecular cyclization. The biggest chal- 
lenges, however, lay ahead for the intermo- 
lecular version. In this context, it would be 
desirable to increase the range of olefins that 
can be cyclized efficiently. Also, the develop- 
ment of catalytic enantioselective methods is 
underdeveloped. Advances in this direction 
will probably derive from ligand engineering 
efforts to increase the reactivity toward the 
alkene fragment. The cyclization discovered 
by Khand and Pauson will continue to find 
exciting applications in the synthesis of com- 
plex natural products, and developments are 
expected to further increase the potential of 
this fascinating reaction. 
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Do you speak lion? 


To be effective, conservation decisions must be 
transparent and based on diverse views 


By W. M. Adams 


roblems in biodiversity conservation 
tend to be highly complex, encompass- 
ing both biological and social systems 
and their interactions (J). Many have 
argued for multidisciplinary research 
in conservation, particularly a more 
effective engagement of the human sciences 
(2). But even when multidisciplinary, re- 
search may not be able to deliver the insights 
needed to solve a conservation problem. Re- 
cent studies help to elucidate these challenges 
and show how research can be effective in un- 
derpinning conservation decisions (2-5). 

A typical example of a complex conserva- 
tion problem is crop raiding by wild elephants 
in countries such as Kenya. Efforts to address 
crop raiding in Laikipia, Kenya, have included 
study of elephant ecology and movement, de- 
velopment of on-farm deterrence techniques, 
and research with the local community (6). 
An 80-km electric fence constructed in 2007 
raised hopes that a more permanent solution 
to the problem had been found, but the fence 


“The complexities of social- 
ecological systems and 

the contested politics of 
conservation decisions place 
great demands on expertise.” 


was poorly maintained and repeatedly bro- 
ken and crossed by elephants (7). Elephants 
learned how to break the fence and taught 
each other how to do so, and no local actor 
was willing to maintain the fence. Smallhold- 
ers welcomed the protection against crop 
raiding, but also wanted to cross the fence to 
water their cattle. Ranch managers welcomed 
elephants and hoped that an official bound- 
ary fence would help secure their land rights, 
but were reluctant to pay to maintain the 
fence and did not trust smallholders enough 
to permit access to their land to maintain it. 
Pastoralists whose animals were denied pas- 
sage opposed the fence (7). The fence is now 
being rebuilt to a new design, with improved 
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monitoring and management protocols in 
place; it remains to be seen whether the new 
system is more effective. 


EXPERTS AND EXPERTISE 
Faced with such complexity, conservation 
decisions increasingly rely on the knowl- 
edge and advice of experts, particularly sci- 
entists. However, confronted with complex 
social-ecological systems, experts may vary 
markedly in their ideas and conclusions. For 
example, Stier et al. recently analyzed expert 
perceptions of ecosystem interactions in the 
Northeast Pacific Ocean (5). They invited 
individual experts to describe the number, 
direction, and strength of food web interac- 
tions connected directly or indirectly to pop- 
ulations of Pacific herring (Clupea pallasii), 
a fish of ecological, cultural, and economic 
importance. They then used fuzzy cognitive 
maps to compare each expert’s understand- 
ing of the herring ecosystem. Individual 
experts had different perceptions of the num- 
ber of ecological connections, the influence 
of focal functional groups, and their interac- 
tion strengths in the herring food web. These 
differences in perceptions affected expert 
responses to hypothetical scenarios in which 
either herring predators or prey increased. 
Protocols for evidence-based conserva- 
tion suggest ways to capture and clarify ex- 
pertise—for example, through a hierarchical 
approach of progressive synthesis through 
scientific investigations, systematic reviews, 
summaries, and decision-support systems 
(8). However, Stier et al.’s study shows how 
experts can differ in their understanding of 
the interaction of natural and social systems, 
or in the knowledge they draw on (scientific, 
local, or traditional ecological knowledge 
and/or practical experience). Differences in 
expert views did not reflect conventional 
knowledge categories such as local, scientific, 
and traditional (5). This would make it dif- 
ficult to construct a representative panel of 
experts based on their backgrounds. In these 
circumstances, three things can contribute to 
making expertise an effective basis for con- 
servation: transdisciplinarity, diversity, and 
transparency. 


TRANSDISCIPLINARITY 

It is almost a truism in conservation that 
complex contemporary problems demand an 
interdisciplinary approach (9). Yet interdis- 
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Pacific herring school within giant kelp off Catalina Island, California. In a recent study, Stier et al. (5) found that experts 
differed widely in their perceptions of food web interactions involving Pacific herring. This diversity of knowledge must be 
taken into account in conservation decisions. 


ciplinary projects pose substantial demands 
on the people involved (10), exposing them to 
unfamiliar facts and arguments and to differ- 
ent ontologies and epistemologies (11). Early- 
career researchers involved in work outside 
their discipline (in fields with different con- 
ventions) may worry about implications for 
future careers. Moreover, empirical research 
on funding by the Australian Research Coun- 
cil’s Discovery Programme shows that more 
interdisciplinary proposals are less likely to 
be funded (12). Interdisciplinary research can 
seem like an impractical and risky idea. 

To overcome these problems, conserva- 
tion research, like other fields, must over- 
come the constraints of specialization and 
the compartmentalization of knowledge and 
seek transdisciplinarity; that is, learning 
that operates independently of disciplinary 
boundaries (13). The challenge for conserva- 
tion education and training, both in formal 
university courses and in professional and 
lifelong learning, is to create conservationists 
who are unconstrained by the disciplinary 
boundaries familiar to academic researchers. 
Conservationists must become accustomed 
to the ways in which diverse disciplines think, 
talk, and write, and must recognize each dis- 
cipline's strengths and weaknesses (2). 


DIVERSITY OF KNOWLEDGE 

Successful responses to complex problems 
also require openness to diverse inputs, dis- 
cussion, and dissent, and a willingness to 
entertain competing and creative options 
and to disrupt existing behaviors. Such “par- 
ticipatory” openness is commonly proposed, 
but is hard to deliver in the face of budget 
and time constraints. Game et al. stress the 
need to harness creativity in planning and 
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suggest that conservationists should learn 
from new thinking in military planning. The 
latter emphasizes distributed leadership and 
a decentralized approach to strategic analysis 
that includes listening to people outside the 
established decision-making hierarchy (1). 

One type of knowledge about social-eco- 
logical systems is informal and local (/4). 
Such knowledge is embedded in cultural 
practice and place, and often reflects obser- 
vation of system dynamics over long periods 
of time. As Stier et al. show in their study 
of the Pacific herring food web, the insights 
of local, indigenous, and scientific experts 
overlapped. Indeed, these categories are not 
discrete. The authors suggest that uncer- 
tainty would be best reduced by embracing 
a diversity of knowledge and encouraging 
dialogue about alternative management 
actions (5). Nursey-Bray et al. have argued 
that the terms “scientific knowledge” and 
“local knowledge” imply a crude and un- 
helpful binary distinction in the context of 
coastal zone management. Both local and 
scientific expertise have contributions to 
make to coastal planning, both in terms of 
understanding system change and in build- 
ing mutual trust: Effective coastal manage- 
ment demands fluidity of response, and this 
is often best enabled by local innovation and 
commitment (4). 


TRANSPARENCY 

The third challenge is to make the process of 
reaching conservation decisions more trans- 
parent. Individual experts often disagree; 
their knowledge may be substantial but 
not necessarily objective, and uncertainties 
may be created by the challenges of knowl- 
edge integration, not least among different 
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disciplines. The chain of reason- 
ing that underpins expert views 
is an essential element in their 
legitimacy and usefulness (5). 

One practical strategy is to 
publish the evidence used to 
reach conservation decisions to 
provide an evidence audit trail 
that can be followed and under- 
stood by later planners, and by 
anyone skeptical of the validity of 
the decisions made, for example, 
stakeholders suspicious of scien- 
tific methods or analysis (3). 


SPEAKING LION 

Conservation decisions affect 
numerous stakeholders, and 
conflicts are all too common. 
The complexities of social-eco- 
logical systems and the con- 
tested politics of conservation 
decisions place great demands 
on expertise. Conservation suc- 
cess could be improved by effective interdis- 
ciplinarity, openness to new and contrasting 
ideas, and a commitment to transparency to 
encourage dialogue about alternative man- 
agement actions. 

Such a transition will not be easy. Inter- 
disciplinary collaboration is profoundly chal- 
lenging, and opening up expert decision sys- 
tems to local and indigenous knowledge is 
difficult to achieve in practice. For example, 
critics note the continuing underrepresen- 
tation of the humanities and social sciences 
in the work of the Intergovernmental Plat- 
form on Biodiversity and Ecosystem Services 
(IPBES) (15). 

Wittgenstein famously observed that “if a 
lion could speak, we couldn’t understand it” 
(6). But communication between disciplines 
and between experts and the public surely 
offers a lesser challenge. Such conversations 
will never be easy, but it is important to get 
them right. ® 
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GEOPHYSICS 


“Weather bomb” induced seismic signals 


Seismic waves generated by intense storms can reveal details of Earth’s interior 


By Peter Gerstoft and Peter D. Bromirski 


he atmosphere-ocean system inter- 

acts with the solid Earth to produce 

seismic signals called microseisms, 

which are observed globally. This 

interaction results from large-scale, 

slowly moving extratropical storms 
but also from smaller, intense weather sys- 
tems such as tropical cyclones (called hur- 
ricanes in the Atlantic and eastern Pacific, 
and typhoons in the western Pacific). These 
are smaller storms, often travel much faster, 
and have steeper atmospheric pressure gra- 
dients that produce very strong winds. All 
storm systems generate various types of 
microseisms, which have been studied ex- 
tensively. A special case of fast-developing, 
small, extratropical storms in which the 
central pressure intensifies rapidly, drop- 
ping by more than 1 mbar/hour for 24 
hours, is called a “weather bomb” (J). On 
page 919 of this issue, Nishida and Takagi 
(2) report on the detection of previously 
unobserved S wave microseisms generated 
under a weather bomb between Greenland 
and Iceland. 

A small fraction of the gravity-wave en- 
ergy generated by storms interacts with the 
seafloor and couples into wave-generated 
seismic surface and body waves, called mi- 
croseisms. Microseisms are a multicompo- 
nent physics problem: Atmospheric pressure 
gradients produce winds over the ocean that 
generate ocean gravity wave systems; when 
these wave systems interact either with 
themselves or with other systems, signals 
at nearly double the ocean wave frequency 
are generated. This energy propagates as 
standing waves to the seafloor; at the sea- 
floor, this acoustic wave energy is coupled 
into seismic energy, which then propagates 
to the seismic stations. 

Seismic stations on land and on the sea- 
floor are primarily used to record earth- 
quake signals resulting from episodic 
fracturing of Earth’s crust and operate con- 
tinuously in order to capture these events. 
Thus, seismic stations also record the con- 
stantly occurring background microseismic 
noise. Although the contribution from indi- 
vidual ocean waves produces little by way 
of microseisms, groups of waves in combi- 
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nation generate seismic surface waves that 
can be analyzed in a statistical manner (3). 

The spectrum of ocean wave-induced 
seismicity contains three peaks. The most 
energetic peak is at twice the frequency 
(0.08 to 0.34 Hz) of ocean surface waves. 
Standing waves at nearly double the fre- 
quency of the incident wave field result from 
the interaction of nearly opposing waves 
of the same frequency (3). The double- 
frequency (DF) standing waves have small 
wave numbers compared with ocean surface 
waves and thus couple efficiently to micro- 
seismic modes. 


The third peak, the Earth’s seismic “hum” 
(4), is centered at frequencies (0.002 to 0.03 
Hz) much lower than those of ocean surface 
gravity waves and is predominantly gener- 
ated by infragravity waves and interactions 
of ocean waves in near-coastal waters. 

Ocean surface waves can be described by 
sinusoidal wave motions at a spread of fre- 
quencies and directions. When two ocean 
surface wave systems interact, they create 
quadratic source terms that produce propa- 
gating acoustic waves at the sum and dif- 
ference frequencies of the wave systems, 
corresponding to DF microseisms and hum 


Storms making waves 


Pelagic P wave microseism sources trailing Super Typhoon loke, 22 August to 7 September 2006 (12). The best 
track of loke (from National Hurricane Center), in blue, tracks loke-generated P wave sources (red) using the 
Southern California Seismic Network (SCSN). Locations of P wave sources (red hexagons) and storm centers 
(blue circles) are marked every second day. (Inset) Ocean wave-wave interactions are strongest in the wake 

of loke, generating acoustic waves in the ocean that couple into seismic P waves at the seafloor. The P waves 
penetrate 2000 km into the earth and reach California 8000 km away, where they are observed at 150 seismic- 
stations of the SCSN network, allowing source localization with array processing. 


60° 
45° Al, Sep 
_SCSN 
5 Sep Pals eee. 
California “ 
30° ve 
1Sep 
” 3 Sep i yee Aug 
iS 
30 Aug Va 28 Aug aoe 
135°E 165°E 165°W 135°W 


The second most energetic peak is the 
primary microseism peak, centered at the 
frequency (0.04 to 0.17 Hz) of ocean surface 
waves, results from the direct interaction 
of ocean waves with the seabed. Although 
ocean surface waves have much larger wave 
numbers than seismic modes, in environ- 
ments with varying ocean depth in which 
the ocean wave spectrum varies spatially, 
nonlinear processes produce low-wave- 
number fluctuations that excite primary 
microseisms (3). Because ocean waves de- 
cay exponentially with depth, this genera- 
tion process is limited to shallow water. 
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microseisms, respectively (5). DF micro- 
seisms are reasonably well-modeled by us- 
ing ocean wave hindcasts (6). Microseisms 
are strongest when the wave systems are 
directly opposing because the pressure exci- 
tation produced by these interactions prop- 
agates nearly unattenuated to the ocean 
bottom. 

The dominant seismic waves from DF 
wave interactions are surface-propagating 
Rayleigh waves. Although these waves are 
generated throughout ocean basins, the 
dominant contribution to the signal ob- 
served on land is generated in coastal re- 
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gions. Surface wave microseisms from the 
deep ocean are generally not observed on 
land (7). However, microseismic body waves 
penetrate the deep Earth structure and can 
be observed at distant land seismic stations, 
with compressional P waves predominant 
(8). The recent observation of microseismic 
S waves by Nishida and Takagi and by Liu 
et al. (9) gives seismologists a new tool with 
which to study Earth’s deeper structure. 

Seismic arrays provide an opportunity 
to study microseism source locations and 
propagation characteristics. For surface 
waves, only the back-azimuth to their gen- 
eration region can be determined. However, 
for seismic body waves, both back azimuth 
and range to the generation region can be 
obtained, giving additional information on 
propagation paths and crustal structure be- 
tween the source and the receivers. These 
attributes of P wave microseisms allowed 
estimates of cyclone locations by using the 
Large Aperture Seismic Array in Montana 
installed in the 1960s for nuclear monitor- 
ing (8). In the 2000s, the transformative 
USArray has enabled more observations of 
microseism P wave body waves (10). The 
observed P waves can be linked to specific 
storms, such as waves from Hurricane 
Katrina hitting the coast near New Orleans 
in 2005 (17), and allowed the tracking of Su- 
per Typhoon Ioke across the Pacific (72) (see 
the figure) and Hurricane Sandy along the 
New England coast in 2012 (73). 

By cross-correlating microseismic P 
waves, it is possible to determine the fine 
layer structure of the mantle-layer transi- 
tion zone (14). Because S waves have shorter 
wavelengths than those of P waves and are 
more sensitive to state changes related to 
temperature and Earth composition, array 
processing of microseismic S waves (2, 9) 
has the potential to add to our understand- 
ing of the deeper crust and upper mantle 
structure. 
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CELL SIGNALING 


Proline hydroxylation 
linked to Akt activation 


Oxygen-sensing enzymes regulate the Akt kinase 


By Michael Voulgarelis and 
Philip N. Tsichlis 


rolyl hydroxylases are oxygen-sens- 

ing enzymes that regulate the abun- 

dance of hypoxia-inducible factors 

(HIF)la and HIF2a, which control 

the cellular response to oxygen de- 

privation (hypoxia). Three prolyl 
hydroxylases target the HIFa molecules, 
EgIN1 (PHD2), EglIN2 (PHD1), and EglN3 
(PHD3) (1). All three are widely expressed 
iron (Fe**) and a-ketoglutarate-dependent 
dioxygenases. When the oxygen tension 
is normal, they hydroxylate HIFla and 
HIF2a.Hydroxylated HIFa molecules are 
recognized and ubiquitinated by an E3 
ubiquitin ligase complex containing the 
von Hippel-Lindau tumor-suppressor pro- 
tein pVHL (J), leading to their proteasomal 
degradation. Inactivation of prolyl hydrox- 
ylases during hypoxia results in the stabili- 
zation of HIFa molecules. On page 929 of 
this issue, Guo et al. present evidence that 
a prolyl hydroxylation-dependent pathway 
also plays an important role in the regula- 


“inhibition of Akt may be 
therapeutically beneficial in 
PVHL-null and other tumors 
with mutations interfering 
with Akt hydroxylation.” 


tion of the Akt kinase, which in turn is a 
key player in oncogenesis (2). 

Akt, also known as protein kinase B 
(PKB), is a member of the AGC family 
of serine-threonine protein kinases (3). 
There are three closely related Akt iso- 
forms (Akt1/PKBa, Akt2/PKBB, and Akt3/ 
PKBy). Activation of Akt, which in the ab- 
sence of activation signals is catalytically- 
inactive, is phosphoinositide 3-kinase 
(PI3K)-dependent (4). PI3K generates 
D3-phosphorylated phosphoinositides at 
the cell membrane. Binding to these phos- 
phoinositides results in the recruitment 
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of Akt to the cell membrane, where it is 
phosphorylated at multiple sites by other 
membrane-associated kinases (4, 5). Phos- 
phorylation plays a critical role in Akt ac- 
tivation. One of the two main sites of Akt 
phosphorylation, Thr®°*, is dephosphory- 
lated by protein phosphatase 2A (PP2A) 
(6). PP2A is a multimeric phosphatase 
composed of a scaffold A subunit, a cata- 
lytic C subunit, and one of 26 regulatory/ 
targeting B subunits. Access of PP2A to the 
phosphorylated Thr*®® site is modulated by 
intramolecular interactions in the Akt cat- 
alytic cleft and by phosphorylation of the 
B55 subunit (7). It can also be modulated 
by Akt-interacting proteins. It is not known 
whether these interacting proteins simply 
join phosphorylated Akt with the phospha- 
tase, or also modulate the intramolecular 
interactions that control accessibility of 
the phosphatase to phosphorylated Thr®™. 
Other modifications contributing to the 
activation of Akt include acetylation, gly- 
cosylation, oxidation, ubiquitination, and 
SUMOpylation (5). Guo et al. now add pro- 
line hydroxylation to this list. 

There are two types of mutations in the 
tumor-suppressor gene pVHL that are as- 
sociated with cancer (8). Type 1 mutations 
result in deletion or truncation, and when 
truncated, the pVHL protein becomes mis- 
folded and inactive. The loss of pVHL func- 
tion results in the up-regulation of HIFa, 
high risk of renal cell carcinoma, and low 
risk of pheochromocytoma. Earlier studies 
had shown that, in addition to upregulat- 
ing HIFa, type 1 mutations also activate 
Akt (9). Guo et al. confirmed this finding 
and also showed that HIFo induction is not 
required for the activation of Akt in pVHL- 
null tumors. Because pVHL is recruited to 
its targets by proline hydroxylation, the 
authors proceeded to show that EglN1, one 
of the three prolyl hydroxylases that target 
HIFa molecules, also binds and hydroxyl- 
ates phosphorylated Akt (Aktl and Akt2, 
but not Akt3) at four proline sites. Hy- 
droxylation of two of these sites (Pro and 
Pro*’) promotes Akt binding to pVHL. The 
latter molecule also interacts with PP2A, 
which dephosphorylates the Thr®® site, re- 
sulting in Akt inactivation. Consistent with 
this, genetic or pharmacological inhibition 
of EglN1, and type 1 pVHL mutations, re- 
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Shutting down Akt 


Upon growth factor stimulation, Akt is recruited to the cell membrane by the actions of PI3K, where it is activated 
by phosphorylation (P) by other membrane-associated kinases such as 3-phosphoinositide—dependent protein 
kinase-1 (PDK1). Phosphorylated Aktl and Akt2, but not Akt3, undergo proline hydroxylation (OH) by the prolyl 
hydroxylase EgIN1 under conditions of normal oxygen tension. Hydroxylated Akt interacts with, and is dephos- 
phorylated by, pVHL-associated PP2A, leading to Akt inactivation. Ptdins(4,5), phosphatidylinositol 4,5-bisphos- 
phate; Ptdins(3,4,5), phosphatidylinositol 3,4,5-triphosphate; mTORC2, mTOR complex 2. 
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sult in Akt activation by interfering with 
Akt dephosphorylation (see the figure). 
The pathway of Akt deregulation de- 
scribed above may be activated in human 
cancer by several mechanisms. Although 
rare, mutations that alter the Akt hydrox- 
ylation sites (G311D in Aktl and P127N in 
Akt2) do occur and are associated with Akt 
activation. It remains to be determined 
whether other Akt mutations also interfere 
with the hydroxylation and subsequent 
dephosphorylation of Akt. In addition, hy- 
poxia, which is common in human cancer, 
results in the inactivation of Eg]N1, and this 
should interfere with proline hydroxylation 
and dephosphorylation of Akt. Mutations 
in pVHL, which are common in certain 
forms of human cancer, may also activate 
Akt by preventing its dephosphorylation. 
Other cancer-associated loss-of-function 
mutations targeting genes encoding en- 
zymes involved in the Krebs cycle, such 
as succinate dehydrogenase and fumarate 
hydratase, result in the accumulation of 
succinate and fumarate, which inhibit 
the activity of EglIN1 by competing with 
a-ketoglutarate (7). Also, regulation of Akt 
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via proline hydroxylation may be under the 
control of additional signals that control 
the activity of EgIN1 and the hydroxylation 
of Akt, or the expression of pVHL and its 
interaction with hydroxylated Akt. 

EgINI1 and other prolyl hydroxylases are 
activated by the metabolite D-2-hydrox- 
yglutarate. An increase in D-2-hydroxy- 
glutarate levels is caused by mutations in 
isocitrate dehydrogenase 1 (IDH1), which 
are commonly observed in diffuse gliomas 
and glioblastomas (10). According to the 
results of Guo et al., this would inhibit Akt 
by activating EglN1, which is consistent 
with clinical observations showing that pa- 
tients with IDH1 mutations tend to harbor 
lower-grade tumors and have a better prog- 
nosis (11). If the better prognosis of these 
patients is due to the inactivation of Akt, 
one would expect that the beneficial effect 
of the mutation would be more pronounced 
in patients with Aktl and Akt2 rather than 
Akt3-expressing tumors. The observations 
in glial tumors are in sharp contrast to ob- 
servations in acute myelogenous leukemia 
(AML) with normal cytogenetics and mu- 
tations in IDH1/IDH2, which also produce 
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D-2-hydroxyglutarate. Despite the fact that 
D-2-hydroxyglutarate should inhibit Akt, 
the IDH2 mutations in AML are associated 
with bad prognosis, and the inhibition of 
the mutated IDH2 is therapeutically ben- 
eficial (12). It is not known why these muta- 
tions exert opposite effects in glial tumors 
and AML. Perhaps the pathway of Akt regu- 
lation by hydroxylation is active in glial but 
not in hematopoietic cells. Alternatively, 
Akt may be activated in AML by other 
pathways that supersede its inhibition by 
D-2-hydroxyglutarate. 

Although not the focus of Guo et al., hy- 
droxylation of Akt should play an impor- 
tant role in the activation of Aktl and Akt2 
during hypoxia. Other mechanisms contrib- 
uting to Akt activation in hypoxia include 
the down-regulation of phosphatase and 
tensin homolog (PTEN) by miR-21, which 
is induced by Akt2 and the inactivation of 
PTEN by hypoxia-induced reactive oxygen 
species (13, 14). In addition, Akt may be ac- 
tivated via a feedback loop that is induced 
by inactivation of mechanistic target of ra- 
pamycin (mTOR) via HIF-induced expres- 
sion of regulated in development and DNA 
damage responses 1 (REDD1) (15). The rela- 
tive contribution of these pathways to Akt 
activation during hypoxia in different cell 
types remains to be determined. 

The data of Guo et al. suggest that inhibi- 
tion of Akt may be therapeutically beneficial 
in pVHL-null and other tumors with muta- 
tions interfering with Akt hydroxylation. 
It will be interesting to determine how ef- 
ficiently currently available inhibitors inter- 
fere with Akt activation via this pathway. 
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A path toward understanding 
neurodegeneration 


A focus on cell biology may accelerate progress 
in disease prevention and cures 


ByK.S. Kosik,' T. J. Sejnowski,”* M. E. 
Raichle,* A. Ciechanover,’ D. Baltimore® 


he specter of neurodegenerative dis- 
ease, particularly Alzheimer’s disease, 
haunts the developed world and exacts 
a poorly documented toll on under- 
developed countries. With so little 
progress made toward finding a cure— 
or, better, a prevention—it is time to rethink 
the path to progress. This requires a change 
in perspective on the type of research that 
will make a difference. The lesson learned 
from cancer research is that a new commit- 
ment means rethinking the fundamental ap- 
proach to the disease. Cancer research moved 
from taking potshots with, usually, cytotoxic 
drugs to a bottom-up, mechanism-based 
approach in which newly acquired genetic 
knowledge played the largest role. Today, 
that effort has produced a platform of knowl- 
edge from which academia and industry are 
drawing. For neurodegenerative disease, the 
genetic approach remains valid but the prob- 
lem must concurrently be approached from 
a complementary, robust cell biological per- 
spective, focusing on the cellular cascade of 
events that lead to neuronal cell death. 


BUILDING ON INSIGHTS 

If cell biology is the core discipline from 
which progress in neurodegeneration will 
emerge, then the research path forward 
needs to build on insights over the past two 
decades that have converged upon core cellu- 
lar dysfunctions related to the disease. These 
include controls over protein folding, traf- 
ficking, and degradation; specific cell-type 
vulnerabilities; activation of aberrant signal- 
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ing pathways that lead to cell death; and the 
interface of genomics and brain imaging with 
cellular-level resolution. For example, rele- 
vant cellular work is emerging from biophysi- 
cal methods with high spatial and temporal 
resolution in vivo (1). This has revealed pro- 
tein conformations with a liquid-liquid phase 
separation into protein-rich droplets that po- 
tentially link RNA granules and pathological 
inclusions (2). New information will emerge 
from identifying cell type-specific proteo- 
stasis networks that involve the unfolded 
protein response, the ubiquitin-proteasome 
system, and autophagy (3). Among several 
incipient clues are mutations that inactivate 
the ubiquitination and destruction of faulty 
or damaged mitochondria. Inhibiting this re- 
moval (by “mitophagy”) results in Parkinson’s 
disease (4). These early leads position the 
field of neurodegenerative disease squarely 
upon a deeper cellular basis and support 
investigative cell biology as a worthy strat- 
egy for formulating translational end points 
and rapid progress. Answers to why cells die 
(eading to neurodegeneration) will be as re- 
vealing as discoveries in the cancer field that 
explain why cells proliferate. 

In the cancer field, critical insights 
emerged not from taking a shortcut toward 
therapy, but from a deep knowledge of genes 
and cells. In the field of neurodegeneration, 
there are unfortunate repeats of some of the 
same mistakes made earlier in the cancer 
field. In the United States, funding to acquire 
basic knowledge should not be siphoned off 
to support expensive, and at times risky, clini- 
cal trials based on inadequate knowledge. 
The shift from basic to applied research in 
the field of neurodegeneration was apparent 
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at the U.S. National Institute of Neurological 
Disorders and Stroke (NINDS) (5), where, 
from 1997 to 2012, basic research funding by 
the agency declined from 87 to 71%, with sup- 
port for the most basic research falling from 
52 to 27% of the competing budget. 

The impetus for presenting this proposal 
for cell biology as the foundational science 
for understanding neurodegeneration arose 
from a series of five salons held at sites 
around the United States in 2015 (see supple- 
mentary materials). The goal was to take a 
fresh and objective measure of neurodegen- 
eration research from an informed group of 
scientists outside the field. To achieve this 
goal, the selected participants were deeply 
knowledgeable of the basic science topics 
faced by the neurodegeneration field, but for 
the most part had not been immersed in the 
field. This setting created lively discussions 
about the multifaceted nature of neurode- 
generation, but held to the common theme of 
how a sustained basic cell science effort could 
lead to progress in the field. 


THE FUNDING PATH 

The need for a larger research effort on 
neurodegenerative disease is evident from 
the aging of the population and consequent 
epidemic prevalence of Alzheimer’s disease. 
Hopefully, the next few years will see a large 
influx of dedicated funds from government 
and private sources in the United States. In- 
deed, the Bypass Budget Proposal for Fiscal 
Year 2017 (6) for Alzheimer’s disease suggests 
this. What is also needed is clear guidance as 
to how funds can be spent with a substantial 
likelihood of success. When cancer research 
matured to the point that it could absorb 
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funding in a productive way, and the U.S. 
“War on Cancer” was declared (1971), much 
of the money was well spent. However, con- 
siderable funds supported trendy work, such 
as the fruitless search for virus-induced hu- 
man cancer. Savvy gatekeepers are needed 
who can funnel funds in promising direc- 
tions. Here, however, lie challenges. Peer re- 
view is the long-standing decision-making 
mechanism for evaluating science, but when 
any field is dominated by a few long-held 
ideas and strong personalities, such a process 
may not be the best approach. Thus, attract- 
ing basic cell biologists to the study of neuro- 
degenerative disease will bring fresh ideas 
and insights. Also, collaborative large-scale 
efforts that require seeding by philanthropic 
donors, who are often less risk averse than 
government agencies, must operate in the 
context of advisers with open minds. 

Funding comes with the question of es- 
tablishing large-scale programs versus in- 
dividual investigator-initiated grants. This 
debate is not an either-or matter, and there 
are intermediate blends of these tactics. 
What is important overall is to avoid set- 
ting unrealistic goals and timetables, which 
works against developing evidence for unob- 
vious hypotheses. The many unknowns that 
neurodegeneration research faces make pre- 
cise timetables unrealistic—another lesson 
learned from the effort put toward cancer 
research. The most remarkable discoveries 
come with a sense of surprise. The success of 
curiosity-driven science is a testimony to this 
path. A recent example is the development 
of gene editing tools such as clustered regu- 
larly interspaced short palindromic repeats 
(CRISPR) from a unique form of adaptive im- 
munity in bacteria. 


ACELL SCIENCE ENTERPRISE 

Hand-in-hand with a defined scientific mis- 
sion, the organization of a research enterprise 
with a cell science focus is critical to its suc- 
cess. An effective structure of a research en- 
tity that targets neurodegeneration will share 
many elements with other large biomedical 
entities. “Centers without walls” through 
the U.S. National Institutes of Health (NIH) 
represents a reasonable model for creating 
research entities. Its widely applicable core 
principles of cooperation, collaboration, and 
collegiality need to be balanced by the recog- 
nition of, and reward for, individual contri- 
butions and the freedom to engage in lively 
debate. The scientific effort should be inclu- 
sive of women and minorities, and without 
regard for national barriers. In the United 
States, streamlining grant support for inves- 
tigators in their thirties could buck the long- 
standing statistic that first-time recipients of 
NIH RO! grants tend to be over 40 years old. 
Sadly, Kaplan-Meier retention curves reveal 
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that many principal investigators stop receiv- 
ing NIH funding after they receive their first 
year of RO1 funding (7). Such a discouraging 
funding environment drives students and 
young scientists away from a field. Instead, 
the opportunity for groundbreaking discov- 
eries in the cell biology of neurodegeneration 
should be a powerful global attractor for the 
next generation of scientists. 

Cell biology requires a unique tool set, of- 
ten centered around expensive microscopy, 
electrophysiological instrumentation, molec- 
ular probes, and image analysis. Therefore, 
research centers require dedicated watch- 
dogs that are alert to cutting-edge technolo- 
gies and are responsive to engineering needs 
through in-house tool-building capacity. 
Robust communication and data-sharing 
technologies are also essential and become 
even more important in centers that operate 
beyond institutional boundaries. Technolo- 
gies for video conferencing and user-friendly 
platforms for data sharing and retrieval will 
contribute to a productive center. Posting 
prepublication draft papers online through 


“..the public must be engaged 
with evidence that well- 
executed discovery science 

is not only relevant but 
necessary...” 


life-sciences preprint servers would acceler- 
ate deposition of research results into the 
public domain. Massive data collections such 
as the Alzheimer’s Disease Neuroimaging 
Initiative (8) need to grow as a platform with 
broader applications and accessibility, while 
maintaining protection for patient privacy. 
As metadata analyses and semantic-level 
searches improve for diverse types of data, 
in silico research will increasingly contribute 
to gaining new insights. The vast existing 
literature in neurodegeneration, including 
reported findings that are no longer con- 
sidered accurate, makes entry into the field 
challenging. Informetric sciences and meta- 
data extraction need development along 
with analyses of content that can capture 
research directions and knowledge gaps (9, 
10). Such analyses may also reveal investiga- 
tor networks that foster collaborations. 
Economic and political shifts that have 
occurred since the “War on Cancer” have in- 
creased reliance of the research community 
on the private sector. Given the strong phil- 
anthropic history in the United States and 
the United Kingdom, philanthropists help 
shape the scientific trajectory of neurodegen- 
erative disease research. Private partnerships 
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with government and with academia are an 
effective strategy. Shared costs and greater 
freedom to operate in the private sector will 
allow a more nimble structure while avoid- 
ing the whimsical decisions that can tarnish 
donor-driven science. Private and academic 
institutions that have pioneered structures to 
accelerate discovery science in neurodegen- 
erative disease include the Allen Institute for 
Cell Science, the Broad Institute, the Stowers 
Institute for Medical Research, the White- 
head Institute for Biomedical Research, and 
the Howard Hughes Medical Institute with 
its Janelia Research Campus. These institutes 
required enormous initial investments, but 
there are many structures through which 
smaller sums can make a difference. For ex- 
ample, the McDonnell-Pew Program in Cog- 
nitive Neuroscience is a lower-cost means 
to create an intellectual setting that attracts 
young scientists toward careers in neuro- 
degeneration research. The Science Philan- 
thropy Alliance helps philanthropists find a 
route to support basic scientific endeavors at 
any level. 


A COMPREHENSIVE EFFORT 

To sustain a basic science effort, the public 
must be engaged with evidence that well- 
executed discovery science is not only relw- 
evant but necessary in the face of tempting 
promises of more short-term, high-risk treat- 
ments. Conquering neurodegenerative con- 
ditions requires a comprehensive effort that 
goes well beyond, but still begins with, basic 
cell science. A comprehensive effort cannot 
neglect improved clinical trial design, the 
economic burden of care delivery, and the 
discovery of new pharmaceuticals. Each of 
these endeavors is contributory to the over- 
all effort: a cure for, or mode of prevention 
of, neurodegeneration. Our message is that a 
redoubled effort toward understanding the 
fundamental basis of neurodegeneration will 
ultimately have the highest impact on solving 
this affliction. 
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GLOBAL HEALTH 


Achieving global targets for 
antimicrobial resistance 


The UN should promote targets, funding, and governance 


By Ramanan Laxminarayan,' Devi 
Sridhar,” Martin Blaser,? Minggui Wang,* 
Mark Woolhouse** 


fter decades of neglect, antimicrobial 
resistance (AMR) has captured the 
attention and concern of the public 
health community and global leaders. 
In September 2016, a high-level meet- 
ing of the United Nations General As- 
sembly (UNGA) will discuss how countries 
can cooperate to preserve global access to ef- 
fective antimicrobials. This will be only the 
fourth health issue (and the first One Health 
issue, integrating human, animal, and envi- 
ronmental health) to bring together heads 
of state at the UNGA for a rare opportunity 
to set a global agenda to combat the crisis. 
We believe that (i) setting targets for reduc- 
ing drug-resistant infections, (ji) adequate 
financing for global action, and (iii) defin- 
ing the global health architecture to address 
AMR should be elements of a UN plan. 

The costs of antibiotic treatment and 
mortality due to resistance are increasing 
worldwide (7). The greatest burden occurs in 
low- and middle-income countries (LMICs), 
especially among the young: An estimated 
214,000 neonatal sepsis deaths are attribut- 
able to resistant pathogens each year (2). But 
high-income countries are not immune: An 
estimated 23,000 people in the United States 
and 25,000 in Europe die each year from 
resistant pathogens (J, 2). That said, lack of 
access and delayed access to antibiotics kill 
more people than AMR. The challenges of 
expanding appropriate access to antimicro- 
bials while restricting inappropriate access 
require changes to financing and delivering 
health care. 


TARGETS AND SURVEILLANCE 

Use of antibiotics is the most important 
driver of selection for resistance and loss 
of effectiveness. Use is increasing globally, 
driven by rising incomes and increasing 
access, and varies in human and animal 
sectors across countries, depending on 
prevailing medical, veterinary, and regula- 
tory practices. 
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We propose that no country consume more 
than the current median global level [8.54 de- 
fined daily doses (DDDs) per capita per year] 
(see the figure). We estimate that this would 
lower overall human use by 17.5% globally 
[see (3); see supplementary materials (SM)]. 
Reducing use is accomplished by improving 
public health and sanitation. In low-income 
countries, antibiotics are used to compen- 
sate for the lack of public health infrastruc- 
ture (e.g., vaccination coverage and infection 


“(Surveillance for AMR] is 
a global good and should be 
financed accordingly.” 


control). A target linked to UN Sustainable 
Development Goals 3 (on health) and 6 (on 
water and sanitation) for public health would 
reduce reliance on antibiotics. 

Reductions could be achieved through 
public campaigns, aimed at physicians and 
patients, to discourage inappropriate antibi- 
otic use (4), particularly in response to sea- 
sonal influenza (3). Although LMICs face a 
higher burden of infectious disease, per cap- 
ita consumption of antimicrobials in most 
LMICs is well below our target, thus, it need 
not compromise legitimate uses. 

There is potential for reducing consump- 
tion in the animal sector. We propose global 
phasing out of the use of antimicrobial growth 
promoters; a deadline of 5 years would be ap- 
propriate, given the urgency of the problem. 
This could avert much of the projected 67% 
increase in use for farm animals between 
2010 and 2030 (3). Although this would in- 
cur some cost to agricultural sectors, even 
in China (the largest consumer of antibiot- 
ics in agriculture), that cost is likely on the 
order of $3 billion a year, a small fraction of 
the country’s burden of AMR (5). The costs of 
improving biosafety and biosecurity in farm- 
ing operations to phase out antimicrobial 
growth promoters would be largely offset by 
lowering the risk of infection and cost of an- 
timicrobials. We envision a process similar to 
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that in the European Union where there was 
declared intent to phase out subtherapeutic 
use, followed by regulatory changes. Globally, 
this could work through a multilateral pro- 
cess, as with global movements to phase out, 
e.g., asbestos or chlorofluorocarbons. 
National-level restrictions on antibiotic ef- 
fluents from pharmaceutical manufacturing, 
agricultural operations, and hospital waste 
that contribute to buildup of resistance genes 
in the soil and water are an urgent priority. 
Targets for reductions in antibiotic con- 
sumption should be accompanied by targets 
to reduce levels of a drug-resistance index 
(e.g., the proportion of infections that are re- 
sistant), based on a weighted-average of resis- 
tance of the eight World Health Organization 
(WHO) priority pathogens to first-line anti- 
biotics, nationally, regionally, and globally 
within 5 years (6). We do not specify the scale 
of reduction—the immediate priority is to 
prevent increases—but recommend review in 
2021 to consider more stringent targets. The 
strategies chosen would reflect health system 
context and priorities of individual countries. 
Existing surveillance programs for AMR 
can contribute to target monitoring at the 
national level (7), e.g., the Global Antimicro- 
bial Resistance Surveillance System and Re- 
sistanceMap (8). Surveillance should involve 
the livestock sector and the wider environ- 
ment and should track access and use, as 
well as indicators, such as water, sanitation, 
and vaccination coverage. Data on AMR must 
be translated into epidemiologically sound 
estimates of public health burden; such es- 
timates require information on treatment 
rates and failures (2) not routinely collected. 
Surveillance cannot be the sole responsi- 
bility of individual countries; it is a global 
good and should be financed accordingly. 
Initiatives such as the Fleming Fund and 
the Global Health Security Agenda provide 
opportunities to strengthen surveillance in 
countries with poor public health architec- 
ture. Not all surveillance elements need to 
be replicated at a national level; integrat- 
ing local activities into multinational net- 
works may be efficient, with appropriate 
structures for data-sharing, analysis, and 
communication. 


GLOBAL FINANCING 

Substantial funds have been committed in 
the United States and Europe to tackle AMR, 
but success will be limited without global- 
scale investments. The need to incentivize 
development of new vaccines, diagnostics, 
novel therapies, and stewardship methods, as 
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Antimicrobial sales vary by country 
Data from 75 countries. The five countries with highest total antibiotic sales for human use 
and the five with highest per capita sales are identified. See SM. 


Income group spain 

@ High income 
z 25 @ Upper middle income Algeria @ 
= © Low and lower middle income 
~4 
rs) 
Q 20 Tune 
i= 
s Tunisia @ Greece 
sg 15 
2) e 
2 e oF ae e ee United States 
n @°@ 
2 s ee Oh . India 
a eee eof *% . ce 6 eBrazl 
g eo °3 oo eee? a Global median sales 
ra e e CY per capita = 8.54 DDDs 
£5 e e Ge 
= % @ bd China 

e bd e 


7 19 
Natural log of total antibiotic sales in 2014 (DDDs) 


well as traditional antibiotics, to ensure avail- 
ability of the “antibiotic umbrella” has been 
recognized (9). Vaccines face high develop- 
ment costs and uncertain markets; however, 
the Gavi Vaccine Alliance financing mecha- 
nism has been successful in bringing new 
vaccines into wide use. 

Development and deployment of diag- 
nostics are more difficult. Knowledge of the 
underlying pathogen and its drug sensitiv- 
ity would improve antibiotic use, but new 
diagnostics are needed. Diagnostics must be 
rapid and sufficiently inexpensive if they are 
to be used before the decision to begin antibi- 
otic treatment. The Longitude, Horizon, and 
National Institute of Allergy and Infectious 
Diseases (NIH) prizes for innovative diagnos- 
tics stipulate that winners demonstrate the 
feasibility of deploying globally. 

New alternatives to traditional antibiot- 
ics are needed. Multiple noncompound ap- 
proaches that target bacteria or the host have 
been proposed (J0). Antibiotics can interact 
to synergize, antagonize, or suppress each 
other’s effects (11); interactions modify the 
evolution of resistance. Financial stimuli for 
antibiotic development must address the 
lack of incentives for appropriate use (12) 
and should enable sustainable access, when 
clinically appropriate. Initiatives are being 
implemented to improve the development 
pipeline for new antibiotics (e.g., the Gen- 
erating Antibiotics Incentives Now in the 
United States and the Innovative Medicines 
Initiative in Europe) but cannot be long-term 
solutions because resistance develops quickly 
to new antibiotics. Initiatives like the Afford- 
able Medicines Facility—Malaria, that aimed 
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to conserve the effectiveness of antimalarial 
drugs, involved a high-level subsidy (aimed at 
manufacturers, not retailers) and were found 
to be successful at increasing sales of quality- 
assured artemisinin combinations and reduc- 
ing the use of monotherapies that contribute 
to drug resistance (13, 14). Scaling from the 
size of response relative to Gross Domestic 
Product in the European Union and United 
States (which allocates ~$1 billion annually 
to AMR), we anticipate that a global fund of 
at least $5 billion annually will be needed. 


GLOBAL ARCHITECTURE 

The global response to HIV/AIDS, effective 
in curtailing that epidemic, was accelerated 
by the 2001 UNGA on HIV/AIDS (/5). A clear 
set of actions tied to targets, financing, in- 
stitutional commitment to cross-sectoral 
coordination at the national level, interna- 
tional monitoring and accountability, and 
civil society participation should also now be 
reflected in a UNGA plan for AMR. A global 
architecture must transcend the individual 
animal and human domains (/6). Proposed 
approaches include ones similar to the Inter- 
governmental Panel on Climate Change, or 
the Montreal Protocol (17). 

The current tripartite arrangement among 
WHO, the Food and Agricultural Organi- 
zation (FAO), and World Organization for 
Animal Health (OIE) offers promise but is 
unlikely to be sustainable given their other 
priorities. We recommend a new High-Level 
Coordinating Mechanism (HLCM) under the 
UN Secretary General because (i) access to ef- 
fective antimicrobials transcends the remit of 
WHO, involving animal health and the envi- 
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ronment; (ii) nonstate actors play an impor- 
tant role; and (iii) significant new funding is 
needed for research and development. 

The HLCM, consisting of WHO, FAO, OIE, 
the World Bank, relevant UN agencies and 
other international organizations, major 
multisectoral stakeholders, and global ex- 
perts, reports to the UN Secretary General 
and should coordinate support for develop- 
ment, implementation, and monitoring of 
national plans and relevant actions. It can 
raise awareness and financing if leadership is 
given seniority within the UN system. A new 
HLCM would allow a more inclusive govern- 
ing body (e.g., with nonstate actor voting 
rights), and engagement with civil society, 
patient groups, and the private sector. 

Financing would likely come through a 
replenishment process, such as used by the 
Global Fund and the Gavi Alliance through 
World Bank Trust Funds (78); an organiza- 
tion solicits multiyear donor commitments 
on a regular schedule (e.g., every 3 years), 
rather than every year. Buy-in of countries 
across the world, particularly the Group of 
77, and funders, such as the Bill and Melinda 
Gates Foundation, would be essential. 

Antibiotic resistance threatens decades 
of progress in medicine, food security, and 
public health. Global collective action rooted 
in national responses is needed. The UNGA 
high-level meeting could help shift world 
opinion, build consensus around core feasi- 
ble goals, and integrate solutions into policy 
approaches by UN member states, interna- 
tional organizations, and philanthropies. 
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Holographic images can 

be rotated/resized, or 
repositioned by a user’s gaze, 
gestures, voice commands, or 
a handheldremote. 


The future of three- 
dimensional thinking 


A new holographic platform holds promise for 
enhancing education, research, and collaboration 


By Mark A Hoffman 


ost structures studied by science 

exist in three dimensions: mol- 

ecules, organisms, ecosystems, 

galaxies. Flat-screen visualizations 

of these entities limit our under- 

standing and experience of the 
objects and interactions that we study. Like- 
wise, flat-screen-based video communica- 
tion constrains our ability to interact with 
remote colleagues and collabora- 
tors. The Microsoft Hololens De- 
velopment Edition, released on 
30 March 2016, is a holographic 
platform that demonstrates the 
potential to enhance scientific 
understanding, education, and collabora- 
tion by transforming our interactions with 
three-dimensional representations and 
with one another. 

Users of Hololens see and hear the 
augmented world through a visor, with 
holographic images and applications su- 
perimposed on their surroundings and 
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high-definition sound projected above their 
ears. The gaze of the user, combined with 
gestures, voice commands, or a handheld 
clicker, allow him or her to rotate, resize, or 
reposition holograms. 

Through surface mapping, Hololens 
avoids placing images in obstructed posi- 
tions and generates an experience that is 
contextualized to the user’s location. For 
example, browser-based applications ap- 
pear as if they are attached to a wall. Unlike 
Google Glass or Oculus, Hololens 
is untethered; it accesses the In- 
ternet through Wi-Fi. 

As a Windows 10 device, Holo- 
lens is integrated with Cortana, 
Microsoft’s response to Apple’s 
Siri. Speaking the command, “Hey, Cortana, 
display the periodic table of elements” in- 
vokes an Edge browser with an appropriate 
display floating in the user’s view. Images 
and video captured by Hololens are stored 
to OneDrive, where they can then be viewed 
or downloaded. 

The development edition of Hololens 
provides access to a set of early applications 
in the Windows Store. Although many are 
recreational, some demonstrate the scien- 
tific and educational potential of the de- 
vice. For example, the preview version of an 
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anatomy trainer developed by Case Western 
Reserve University projects a semitranspar- 
ent human body. As the user works through 
examples, organ systems are highlighted. 
The user can walk around the body to learn 
the position of organs. 

Another application, Galaxy Explorer, al- 
lows users to visualize astronomical struc- 
tures. Through finger gestures, they can 
zoom in on features of a three-dimensional, 
semitransparent depiction of the Milky Way 
galaxy, including individual planets. 

Small molecule structures can be im- 
ported into the free HoloStudio application. 
We have successfully used this approach 
to visualize aspirin. Importing more com- 
plex structures requires migrating the vi- 
sualization through the Unity game engine 
platform and then Microsoft Visual Studio. 
I used this process to transfer the human 
leukocyte antigen molecule with the pep- 
tide-binding cleft emphasized and was able 
to view the molecule floating in our office 
suite. This has potential to improve our un- 
derstanding of molecular docking, includ- 
ing drug-protein interactions. 

Skype is integrated with Hololens and 
offers novel collaboration capabilities. Ho- 
lolens wearers see the person that they are 
conversing with off to the side of their field 
of vision, while those on the call see the view 
from the visor. The wearer can walk around 
and annotate objects, seeking guidance and 
feedback from remote participants. One con- 
straint is that holographic images are cur- 
rently not visible during a Skype session. 

There are several minor issues that I hope 
will be addressed before the device's full re- 
lease. For example, the rectangular portion 
of the view dedicated to holograms does not 
cover the entire field of vision. Images must 
be carefully sized to fit. 

Hololens is a more obvious device than 
Google Glass, so the privacy concerns asso- 
ciated with surreptitious recording are less 
important. However, this issue is still wor- 
thy of continued consideration, especially if 
future releases have a smaller format. 

Three-dimensional thinking and com- 
munication are critical during this era 
of increasingly complex data. Hololens 
has the potential to transform scientific 
thinking, analysis, and communication by 
seamlessly integrating the virtual and the 
physical world. 
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PROFESSIONAL DEVELOPMENT 


Navigating today’s job market 


A step-by-step guide offers practical science career advice 


By Teegan A. Dellibovi-Ragheb 


ccording to data collected by the Na- 

tional Science Foundation, only 7% of 

life science Ph.D.s obtain tenure-track 

faculty positions within 5 years of 

completing their degrees. This statis- 

tic belies the widely held belief in aca- 
demic culture that the “default” career path 
for such individuals is a professorship. The 
landscape of science career opportunities is 
changing, so-called “alternative” career paths 
are on the rise, and the personal career expe- 
riences of mentors are often not sufficient for 
the trainees they advise. There is a need for 
new resources, which are consistent with the 
rapidly changing job market and sensitive to 
the specific challenges of Ph.D. students and 
postdocs in the sciences. 

Next Gen PhD: A Guide to Career Paths in 
Science is a practical and thorough manual 
for the entire career transition process, from 
defining personal interests and deciding on a 
career path all the way to day one of a new job. 
Written by experienced career counselor Mela- 
nie Sinche, it is geared toward postdocs and 
graduate students who may not have access 
to effective career counseling or mentorship 
or are not satisfied with what they have re- 
ceived thus far. Speaking in a positive and en- 
couraging tone, Sinche is not only a valuable 
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resource but also an advocate for early-career 
Ph.D.s. “The truth is that candidates who have 
successfully completed a PhD in science have 
myriad skills of value to employers of all kinds, 
from universities to research institutions, gov- 
ernment agencies to nonprofits, start-ups to 
professional societies,” she writes. 

Sinche provides exercises to help new 
and prospective Ph.D.s identify their inter- 
ests, skills, and values. She discusses differ- 
ent career options, lists potential job titles 
across various sectors, and includes survey 
data on the percentages of scientists that 
choose these routes, their reported levels of 
job satisfaction, the skills required, the work 
environment, and even salary ranges. She 
also breaks down the job search process into 
tangible goals. 

To get the most out of graduate or post- 
doctoral training, it is important for both the 
trainee and his or her mentor to have clear 
goals and expectations for the training pe- 
riod, Sinche maintains. Career development 
activities may have to be balanced with labo- 
ratory work, and this requires communica- 
tion with, and support from, one’s principal 
investigator. Unfortunately, even if a men- 
tor is supportive of a nontraditional career 
path, he or she may not have the experience 
to guide trainees in a substantive way. When 
this occurs, Sinche suggests developing rela- 
tionships with additional mentors who can 
offer different perspectives and facilitate rel- 
evant networking opportunities. 

Sinche also gives practical advice on 
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informational interviewing and network- 
ing—two activities that are often among 
the most feared by frequently introverted 
scientists. Stressing the importance of these 
activities during one’s job search, she ex- 
plains, “Many job search methods exist, but 
none are as powerful as networking—and few 
work as well without networking.” However 
she also offers the reassurance that “profes- 
sionals from all occupations are typically de- 
lighted to hear from and engage with junior 
researchers.” 

Sinche recognizes that, despite being per- 
haps a decade out of college, many early-ca- 
reer scientists enter the job market with no 
concept of how it works. She carefully guides 
the reader through a typical job application 
process, from how to prepare for an inter- 
view to how to negotiate a job offer. The book 
is filled with examples of CVs, resumes, cover 
letters, interview questions, and more. 

Finally, Sinche encourages early-career 
scientists to take charge of their own career 
paths. There are many options to choose 
from, and it is important to learn about 
each one and to assess one’s unique talents 
and passions. It is easy to feel pressure from 
mentors, parents, or peers to follow a par- 
ticular career trajectory, but the best career 
is the one that is the most suitable match for 
you. “Remember that you are the architect of 
your own career, and you, like the majority 
of Ph.D. scientists, can find satisfaction in 
your work,” she writes. 

10.1126/science.aah3463 


Building Star Trek 
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September 8, 2016, will mark the 50th anniversary of the first 
show of the television series Star Trek. To commemorate this, the 
Smithsonian Air and Space Museum is hosting the show’s restored 
11-foot USS Enterprise, and the Experience Music Project Museum 
in Seattle has built a re-creation of the ship’s flight deck. In honor 


of these events, the Smithsonian channel will be airing a 2-hour 
special that describes the exhibits and looks at the effect Star Trek 
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has had on science and technology. 
Like the television show, the docu- 
mentary—to adult eyes—is occasion- 
ally cheesy, but there are more than 
enough episode details to delight 

the hard-core Trekkie (or Trekker, 

as many enthusiasts prefer to be 
called). More important, the program 
presents a lot of cool science that has 
been (and is still being) inspired by 
the franchise—from the invisibility 


cloak and the first real tractor beam, to the current XPRIZE chal- 
lenge to create the first working tricorder. Uncountable numbers of 
young people have wanted to be like Kirk, Spock, Uhura, or McCoy, 
and the fostering of the excitement and mystery of scientific explo- 
ration may be Star Trek’s greatest achievement. — Barbara Jasny 
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Reducing the risk of 
another Aliso Canyon 


IN THEIR REPORT “Methane emissions 
from the 2015 Aliso Canyon blowout in Los 
Angeles, CA” (18 March, p. 1317), S. Conley 
et al. confirmed that the Aliso Canyon 
blowout was the largest ever methane leak 
from a U.S. underground storage facility. In 
the wake of this catastrophic accident, we 
should rethink the extent to which conven- 
tional underground storage is used in the 
US. gas infrastructure. 

Extensive use of underground gas storage 
is energy inefficient: Gas must be pro- 
duced, injected into a depleted reservoir for 
intermediate storage, and then withdrawn 
when needed. Injecting and withdrawing 
gas from reservoirs requires gas pressuriza- 
tion and transportation, and the associated 
fuel combustion, venting, and leakage cause 
substantial greenhouse gas emissions (J, 2). 
As the Aliso Canyon gas leak demonstrates, 
underground storage facilities may also con- 
stitute a serious hazard for human health 
when located close to populated areas. 

There may be a better option. Although 
the production technique has not yet been 
tested in practice, simulations suggest 
that fields with dry, mature shale-gas wells 
may alleviate the need for intermediate 
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underground storage (3). Unlike the con- 
ventional strategy, in which gas is produced 
constantly and stored until it is needed, 

the characteristic geological shale-fracture 
system offers the possibility of wells that 
can produce gas or temporarily stop produc- 
tion, depending on demand. In shale-gas 
wells, pressure builds up quickly in the 
fracture network when a well is closed, 
allowing an unusually high production rate 
when production resumes. Because the 
high production rate compensates for lost 
production time, production can be stopped 
and resumed without incurring revenue 
losses from discounted value of the gas (3). 
This means that wells could operate by a 
per-demand policy, supplying gas directly 
from producer to end-user without the need 
for intermediate storage. 

As a result of the shale-gas boom, and the 
steep and early decline in well productivity 
(4), a growing number of mature shale- 
gas wells are available, many of which are 
close to demand centers, with the pipeline 
infrastructure already in place. Using these 
existing resources as substitutes for current 
underground storage will decrease the need 
for intermediate storage reservoirs and 
reduce greenhouse gas emissions associ- 
ated with the current storage practice. With 
fewer active underground storage facilities, 
the risk of disastrous gas leaks such as the 
Aliso Canyon blowout would also decrease. 
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NSF values mid-scale 
infrastructure 


THE NATIONAL SCIENCE Foundation 
(NSF) recently unveiled 10 “Big ideas 

for future NSF investments” (J). One of 
those ideas targets mid-scale research 
infrastructure and greater flexibility to 
fund mid-scale projects. In his News 

In Depth story “Scientists cheer Senate 
bill” (1 July, p. 17), J. Mervis comments 
on the “mid-sized projects” referenced 

in the Senate bill, saying that NSF “has 
previously balked at the idea, although 
officials agree that NSF currently has no 
mechanism to fund unsolicited proposals 
in that price range.” That statement mis- 
characterizes NSF’s activities in mid-scale 


sciencemag.org SCIENCE 


PHOTO: SCOTT L./WIKIMEDIA COMMONS. 


on September 3, 2016 


Downloaded from 


INSIGHTS 


infrastructure. 

Far from balking at supporting mid- 
scale infrastructure, NSF Director France 
Cordova laid out goals and preliminary 
plans for this big idea at the May 2016 
National Science Board meeting (2). In 
particular, lowering the threshold for 
Major Research Equipment and Facilities 
Construction expenditures would give the 
NSF-supported research community more 
opportunities to conduct excellent science 
and engineering. We have also discussed 
the importance of mid-scale research 
infrastructure during several other meet- 
ings of the National Science Board, in 
both open and closed sessions, including 
in 18-19 November 2015, 2-3 February 
2016, and 9-10 August 2016 (3). Missing 
opportunities for mid-scale projects leaves 
essential science and engineering undone, 
and the long-term consequences of that 
neglect will be profound for science as 
well as for the economy, security, and 
competitiveness of the United States. 

NSF has been able to support some 
smaller mid-scale projects from its 
Research and Related Activities budget in 
areas such as computing (4) and astron- 
omy (5). However, we need to establish a 
mechanism that provides more flexibility 
and scope. Just a few examples of potential 
mid-scale projects are cyberinfrastructure, 
cosmic microwave background measure- 
ments, sensor networks, dark matter 
experiments, nuclear astrophysics mea- 
surements, and instruments for current 
major experiments or facilities. 

As stewards of federal investments in 


critically important national research 
across all of science and engineering, we 
at NSF, together with our oversight body, 
the National Science Board, are continu- 
ally looking to maximize the impact of our 
investments. Supporting mid-scale infra- 
structure is an important opportunity that 
we are actively considering. 
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Assistant Director for Mathematical and Physical 
Sciences, National Science Foundation, Arlington, 
VA 22230, USA. *Assistant Director for Computer 
and Information Science and Engineering, National 
Science Foundation, Arlington, VA 22230, USA. 


*Corresponding author. Email: jkurose@nsf.gov 
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ERRATA 


Erratum for the Research Article “De novo 
design of protein homo-oligomers with 
modular hydrogen-bond network—mediated 
specificity” by S. E. Boyken et al., Science 352, 
aag1318 (2016). Published online 20 May 2016; 
10.1126/science.aag1318 


ONLINE BUZZ 


Six-word stories 


In the 1 July issue, we ran six-word stories by a variety of scientists about their 
experiences. Read them at http://science.sciencemag.org/content/353/6294/22. 


On Twitter, we asked you to add your own six-word stories. Here are some 


of your responses: 


So much data. Oh joy! More! Academia killed science with 
Osborne Transformer / @Osborne_Xfmr public relations. 
André Esteves / @aifesteves 
#Gradschool is making everything 
from scratch. Our proposal got funded! NOW WHAT?! 
Whitney F / @Wafers101 Beck E. Strauss / @StraussBecky 
Had a nightmare, Neanderthals My Twitter? It’s networking, not 
were back! procrastinating. 


Danae Dodge / @DanaeDodge 


JW Stubbing Research / @StubbingScience 


Have a six-word story to add? Post it on Twitter with hashtag #NextGenSci! 
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Educators collaborate to optimize STEM teacher prep 


AAAS 2016 Noyce Summit unites academics and practitioners to develop research agenda 


By Michaela Jarvis 


New Tech High School teacher Ben Woodford lives and breathes 
mathematics, and every day before class, he asks each of his students 
to send him a text. Their messages, however, may have nothing to 

do with equations or diagrams. Instead, they answer the question, 
what’s going on that’s most meaningful in your life? 

Answers vary from the trivial to the tragic, the third-year teacher 
reported at the 2016 Noyce Summit education conference, but most 
importantly, the messages give Woodford an opportunity to know 
his students, to convey that he cares, to help out if he can, or at least 
to talk with a student facing a challenge. He said that his digital 
“daily check-in” is a crucial part of being an effective STEM (science, 
technology, engineering, and math) teacher in his high-need school 
district in Nipomo, California. “I don’t know how I could do what I’m 
doing without it,’ said Woodford. “Being able to bond with students 
and create a trusting relationship helps us to overcome psychological 
hurdles that could prevent them from learning math.” 

Woodford’s strategy is an example of a new current in education 
that advocates learning who your students are in order to teach 
them effectively. Presented at the 20 to 22 July summit, which was 
co-hosted by the AAAS Education and Human Resources Program 
and the National Science Foundation (NSF) Division of Under- 
graduate Education, the approach represented just one idea of 
potential value to the 500-plus attendees at the conference, among 
them, college and university faculty and researchers, students 
training to be teachers and researchers, and current K-12 teachers. 

The NSF Robert Noyce Teacher Scholarship Program helps tal- 
ented STEM majors and professionals to become K-12 science and 
math teachers. While building a community and giving teachers 
a venue where they can share ideas is among the important goals 
of the yearly Noyce Summit, this year’s event also advanced a $3.7 
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million AAAS initiative, funded by NSF, to help stimulate research 
and foster evidence-based innovations in the preparation of STEM 
teachers for high-need schools. 

“What we want to do is provide a guide for researchers who want 
to investigate STEM preservice education,” said Yolanda George, 
deputy director of the AAAS Education and Human Resources Pro- 
grams, adding that the resulting information would be disseminated 
“as widely as possible” throughout the education field. 

Responding to this country’s critical need for STEM teachers, and 
for teaching that supports students all the way to graduation and 
employment in ever-expanding STEM fields, education researchers 
and practitioners have fought hard to build effective approaches, 
and AAAS has helped to spearhead those efforts, said Rush Holt, 
AAAS CEO and executive publisher of the Science family of journals. 
“The STEM education reform movement—hands-on, inquiry-based, 
standards-based—grew out of AAAS activities, meetings we con- 
vened,” said Holt, who spoke at the conference, adding that STEM 
education is important, not only to provide the workforce needed 
in the 21st century, but also to ensure that citizens understand the 
importance of basing policy decisions that determine our future on 
sound evidence. 

“You're the centerpiece of the national effort to give America 
the STEM education that we need, so there’s a lot riding on your 
shoulders,” Holt told the Noyce Summit attendees. “I don’t think it’s 
an overstatement to say it’s the most important challenge facing the 
country right now.” 

The challenge of training enough effective STEM teachers in 
this country is complicated by persistent problems. For decades, 
experts have referred to a “leaky pipeline” in STEM education. “Of 
every 100 people who walk in [to earn a bachelor’s degree], we have 
about eight who stay through getting a bachelor’s degree in STEM 
and actually working in STEM. And for minority students, it’s even 
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Ben Woodford and teacher Sunshine Roque, of San Francisco's 
Lincoln High School, participated in a panel discussion. 


worse. It really is dismal,” said Roni Ellington, associate professor of 
mathematics education at Morgan State University. 

The problem of recruiting STEM teachers is compounded by high 
attrition. Of every five new science teachers, one quits in the first 
year, said University of Pennsylvania Board of Overseers Professor of 
Education and Sociology Richard Ingersoll. That percentage can be 
dramatically improved, however, with preservice preparation such as 
coursework in teaching methods, practice teaching, instruction in se- 
lecting course materials, and child psychology classes, Ingersoll said. 

Among the evidence provided at the conference of the need 
for improved outreach to potential STEM teachers was a graphic 
presented by Susan Singer, then director of the National Science 
Foundation’s Division of Undergraduate Education. It showed that 
bachelor’s degree attainment by age 24 in the highest quarter of the 
socioeconomic scale went from 40% to 77% between 1970 and 2013. 
For the lowest-income quartile, that percentage was 6% in 1970 and 
had only grown to 9% in 2013. “The gap has widened,’ said Singer, 
“and it represents a tremendous amount of untapped talent out 
there [among students who could be] future teachers.” To cultivate 
that untapped talent, Singer said, educators have solid evidence 
of methods that work in STEM education—such as focusing on 
conceptual learning, problem-solving, and use of representations 
such as diagrams and evolution trees—but those methods are used 
in very few undergraduate classrooms where STEM teachers receive 
their training, Singer said. 

Singer singled out active learning as an educational strategy that 
research shows is effective, demonstrating the example of a bicycle 
wheel that could be held by its axis while being spun. Students who 
spun the wheel and then tipped it to the side felt the vector of the 
resulting angular momentum. “Students who actually got to hold 
this bicycle wheel did much better—in a statistically significant 
way—when tested on angular momentum problems,” Singer said. 
The same students did no better on other types of physics prob- 
lems after spinning the wheel. “This could be very important,” said 
Singer, “especially for the lab and field sciences as we think about 
what things are going to be really important to have our students 
do. The difference [in achievement] between classrooms with and 
without active learning is stunning.” 

Meanwhile, researchers are trying to weigh preliminary evidence 
related to skills students possess that are not easily measurable, 
such as being able to work in a team, communicating well, having 
academic tenacity, and “grit.” Possessing such skills, according to 
Singer, has been correlated with success in college, specifically in 
STEM majors, but much more research is needed to know, for in- 
stance, whether it is possible to coach students in order to increase 
those skills. 

Brent Duckor, associate professor in the Department of Teacher 
Education at San José State University, frames such “noncognitive” 
skills in a different way, putting the emphasis, not on whether a 
student inherently possesses tenacity, for instance, but on what 
seems to encourage perseverance and the contexts for learning that 
advance deeper student engagement. Duckor is a former high school 
teacher at a nationally recognized high school in East Harlem that 
pioneered Habits of Mind, which emphasizes interdisciplinary and 
project-based learning. 

“We know that purpose and meaning matter for kids,” said 
Duckor, who led brainstorming sessions at the summit on how to 
increase STEM teacher effectiveness. “If our students find purpose 
in what they do, they tend to stick with it. When kids have a voice 
and a sense of agency in their learning, then they tend to stick with 
the subject. Effective teachers and schools help students meet real 


SCIENCE sciencemag.org 


scientists, mathematicians, engineers and technology specialists so 
they can engage more deeply with people in the outside world who 
are practitioners of STEM.” 

As researchers work to build “a deeper, richer evidence base” for 
the preparation of STEM teachers, they face the challenge of keeping 
the measures of educational research as uniform as possible, Singer 
said, emphasizing shared tools and clean data. “How are you going to 
make it interoperable?” she said. “How do we scale the great ideas?” 

The Noyce networks of students, teachers, and researchers can 
help organize such research and the many approaches to a complex 
field, Singer said. “You're a beautiful example of connectivity in the 
departments of education and the colleges of arts and sciences,” she 
said. “You're a wonderful model for where this should go.” 

Also expressing satisfaction with the cross-fertilization of the vari- 
ous communities represented at the Noyce Summit, Shirley Malcom, 
director for AAAS Education and Human Resources Programs, said 
that it is possible to experiment with new classroom methods and 
then to “backfill” according to what the research bears out in order 
to bolster and improve preservice education of STEM teachers, and 
STEM education itself, as quickly as possible. 

Gabrielle Kristofich, an aspiring STEM teacher studying econom- 
ics and elementary education at the University of Colorado, said that 
the Noyce Summit expanded her own network as she heads into 
her first year of teaching, and her awareness of new ideas in STEM 
education and the complex processes involved. 

“Tt allowed me to reimagine what’s possible,” Kristofich said. 


AAAS annual election: 
Preliminary announcement 


The 2016 AAAS election of general and section officers is sched- 
uled to begin in October. All members will receive a ballot for 
election of the president-elect, members of the Board of Directors, 
and members of the Committee on Nominations. Additionally, 
members registered in sections (up to three) will receive ballots 
for the specified section elections. Biographical information for 
the candidates will be provided along with ballots. The general 
election slate is listed below. The list of section candidates can be 
viewed at www.aaas.org/annual-election. 

Names may be placed in nomination for any office by petition 
submitted to the Chief Executive Officer no later than 23 September 
2016. Petitions nominating candidates for president-elect, members 
of the Board, or members of the Committee on Nominations must 
bear the signatures of at least seven members of the association. 

A petition to place an additional name in nomination for any office 
must additionally be accompanied by the nominee's curriculum vitae 
as well as a statement of acceptance of nomination. 


General Election Slate 


President-Elect 
Margaret A. Hamburg, National Academy of Medicine; Douglas S. 
Massey, Princeton Univ. 


Board of Directors 

Mark C. Fishman, Harvard Medical School; S. James Gates Jr., 
Univ. of Maryland, College Park; Kaye Husbands Fealing, Georgia 
Institute of Technology; Thomas E. Lovejoy, George Mason Univ./ 
United Nations Foundation 


Committee on Nominations 
To be announced 
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X-ray revealing bone cancer of the skull 


Coordination chemistry 


of berkelium 
Silver et al., p. 888 


CANCER METASTASIS 


Myeloma enzyme makes 
way for metastasis 


one tissue is built up by osteoblasts 


and broken down by osteoclasts 

in a balanced remodeling process. 

In metastatic cancer, however, the 

balance is tipped, leading to the 
formation of cancerous growths in the 
bone. Attempts to prevent metastasis have 
not been successful in the clinic, so Liu et 
al. set out in search of a new pathway to 
target. The authors found that an enzyme 
called thymidine phosphorylase (TP), which 
is produced by myeloma cells, suppressed 
osteoblast activity (new bone formation) 
and enhanced osteoclast activity (bone 
resorption). Inhibiting this enzyme reduced 
the incidence of myeloma-induced osteo- 
lytic bone lesions, suggesting a new target 
for translation to the clinic—especially 
given that certain TP inhibitors are already 
approved for human use. —MLF 


Sci. Transl. Med. 8, 353ra113 (2016). 


STRUCTURAL BIOLOGY 
How spliceosomes 
make the first cut 


In eukaryotes, transcribed precur- 
sor MRNA includes noncoding 
sequences that must be spliced 
out. This is done by the spliceo- 
some, a dynamic complex in 
which five small nuclear RNAs 
and several proteins go through a 
series of ordered interactions and 
conformational rearrangements 
to achieve splicing. Two protein 
structures provide a look at the 
first catalytic step in the pathway. 
Yan et al. report the structure of 
the activated spliceosome (the 
Bet complex) at 3.5 A resolution, 
revealing how latency is main- 
tained even though the complex is 
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mostly primed for catalysis. Wan 
et al. report the structure of the 
catalytic step 1 spliceosome (the 
C complex) at 3.4 A resolution; 
this complex forms after the first 
step of the splicing reaction. —VV 


ULTRAFAST DYNAMICS 
Shining a fast light 
on diamonds 


Conceptually, the electronic 
structure of matter is a fixed 
scaffold of energy levels, which 
electrons climb with the help 

of light absorption. In reality, 
the light’s electromagnetic field 
distorts the scaffold, a phenom- 
enon that becomes increasingly 
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Science, this issue pp. 904 and 895 


evident with rising field intensity. 
Lucchini et al. studied a mani- 
festation of this phenomenon, 
termed the dynamical Franz 
Keldysh effect, in diamond 
substrates exposed to sudden, 


moderately intense infrared fields. 


Using attosecond probe pulses 
and accompanying theoretical 


Microcrystalline diamonds are used 
to measure electron dynamics. 


Published by AAAS 


simulations, they resolved and 

accounted for the extremely rapid 

ensuing electron dynamics. —JSY 
Science, this issue p. 916 


TIME SERIES ANALYSIS 
Harnessing complexity 
in ecology 


Ecology concerns the behavior 
of complex, dynamic, intercon- 
nected systems of populations, 
communities, and ecosystems 
over time. Yet ecological time 
series can be relatively short, 
owing to practical limits on 
study duration. Ye and Sugihara 
introduce an analytical approach 
called multiview embedding, 
which harnesses the complexity 
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of short, noisy time series that 
are common in ecology and other 
disciplines such as economics. 
Using examples from published 
data sets, they show how this 
approach enhances the tractabil- 
ity of complex data from multiple 
interacting components and 
offers a way forward in ecological 
forecasting. -AMS 


Science, this issue p. 922 


Visualizing gene 
expression in nuclei 


Gene expression can vary 
greatly within a single cell. Using 
techniques that they developed 
for sequencing single nuclei 
and labeling proliferating cells 
in vivo, Habib et al. performed 
RNA sequencing of 1402 single 
nuclei from the adult mouse 
hippocampus. Combining this 
approach with a clustering 
algorithm for single-cell and 
-nucleus RNA sequencing data 
delineated specific cell types 
during cell differentiation and 
development. By providing 
polyadenylated RNA from nuclei 
alone, as opposed to cytoplas- 
mic RNA, these methods open 
the application of single-cell 
transcriptomics to tissues in 
which individual cells are difficult 
to isolate. —LMZ 
Science, this issue p.925 


New insights into 
norovirus entry 


There's no escaping norovirus 
when you have it—the symptoms 
from this gastroenteritis-causing 
virus, though brief, are often debil- 
itating. Preventing infections will 
rely on improving our understand- 
ing of how norovirus enters host 
cells. Orchard et al. show that the 
entry of murine norovirus (MNoV) 
into host cells requires a protein 
called CD300If. In cell culture, 
mouse cells needed to express 
CD300If in order for MNoV 
binding, entry, and replication to 
occur. Deleting the gene encoding 
CD300If in mice protected them 
against MNoV infection. Human 
cells expressing CD300lIf allowed 
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MNoV to break the species bar- 
rier, a finding that may lead to new 
insights into the infectivity of this 
virus. —KLM 


Science, this issue p. 933 


Anew trick for IL-1B 


One strategy to tame the symp- 
toms of autoimmune diseases 
is to block the pain-causing 
inflammation. For rheumatoid 
arthritis, one such therapy is the 
interleukin-1p (IL-1p) receptor 
antagonist anakinra; however, 
patients who receive anakinra 
have increased susceptibil- 
ity to group A Streptococcus 
(GAS) infections. LaRock et 
al. examined the mechanisms 
governing this effect and found 
that a microbial protease, SpeB, 
activates IL-18 by directly cleav- 
ing the prodomain that prevents 
IL-18 signaling. Blocking this 
inflammatory response with 
anakinra may account for the 
more frequent GAS infections 
in patients with rheumatoid 
arthritis, an effect that may also 
hold true for their increased sus- 
ceptibility to infection by other 
microorganisms. —AB 

Sci. Immunol.1, aah3539 (2016). 


Aseismic “weather 
bomb” detector 


Seismic tomography is like an 
x-ray of Earth's interior, except 
that it uses earthquakes for the 
illumination. Earthquakes are 
imperfect illuminators because 
they are clustered on plate 
boundaries, leaving much of the 
interior in the shadows. Using a 
seismic array in Japan, Nishida 
and Takagi detected seismic 
waves that they attribute to a 
severe and distant North Atlantic 
storm called a “weather bomb” 
(see the Perspective by Gerstoft 
and Bromirski). The seismic 
energy traveling from weather 
bombs through the Earth 
appears to be capable of illumi- 
nating the many dark patches of 
Earth's interior. —BG 

Science, this issue p. 919; 

see also p. 869 


DEVELOPMENT 


Edited by Sacha Vignieri 
and Jesse Smith 


Kinesin-driven microtubule 
~~ sliding contributes to 
cytoplasmic streaming in 
the Drosophila oocyte. 


Microtubule sliding during 
Drosophila development 


he motor protein kinesin carries cargo to locations in the 
cell by moving along microtubules. Kinesin-1 can also 
move microtubules relative to each other. Winding et al. 
show that it does this by using its motor domain to move 
along one microtubule while using a second domain 
to bind another microtubule. They constructed a kinesin-1 
mutant that was deficient in microtubule binding but able to 
bind and transport other cargo and a second mutant that was 
able to slide microtubules but could not transport cargo. Using 
these mutants, they demonstrated that microtubule sliding 
is important in axon and dendrite outgrowth during nervous 
system development. In addition, Lu et a/. used the mutants 
to show that microtubule sliding contributes to cytoplasmic 
streaming, which is important in distributing RNA and proteins 


in Drosophila oocytes. —VV 


Proc. Natl. Acad. Sci. U.S.A. 10.1073/pnas.1520244113 


An integrated route to 
frequency combs 


A frequency comb is a light 
source that provides a spec- 
trum of precisely spaced 
wavelengths, the range of which 
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can sometimes span over an 
octave. Such a light source can 
find a broad range of applica- 
tions in spectroscopy, sensing, 
metrology, and communica- 
tion. There are considerable 
efforts under way to generate 
such combs “on chip” by using 
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MATERIALS SCIENCE 
From quantum dot to 
quantum dot 


A wide range of materials 

can now be synthesized into 
semiconducting quantum dots. 
Because these materials grow 
from solutions, there is scope 

to combine quantum dots into 
devices by using simple, low-cost 
manufacturing processes. Kagan 
et al. review recent progress 

in tailoring and combining 
quantum dots to build electronic 
and optoelectronic devices. 
Because it is possible to tune 
the size, shape, and connectiv- 
ity of each of the quantum dots, 
there is potential for fabricat- 

ing electronic materials with 
properties that are not available 
in traditional bulk semiconduc- 
tors. -MSL 


Science, this issue p. 885 


STRUCTURAL BIOLOGY 
Awindow into the cell for 
vitamin A 


Vitamin A is an essential nutrient 
for mammals, and its metabo- 
lites affect diverse biological 
processes. It is carried in the 
bloodstream as retinol by retinol 
binding protein (RBP); a protein 
called STRAG is implicated in 
facilitating retinol translocation 
across the cell membrane. Chen 
et al. determined the structure of 
zebrafish STRA6 to a resolution 
of 3.9 A by electron microscopy. 
A lipophilic cleft is a likely bind- 
ing site for RBP, and an opening 
in the cleft may allow retinol 
to diffuse into the membrane. 
Unexpectedly, the structure 
also includes bound calcium- 
modulated protein, but its 
function remains unclear. —VV 
Science, this issue p. 887 


ACTINIDE CHEMISTRY 
Bonding to berkelium 


A geographical theme prevailed 
in the recent naming of the 
heaviest chemical elements. The 
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choices brought to mind berke- 
lium (Bk) and californium (Cf), 
the names chosen for elements 
97 and 98 over half a century 
ago. Silver et al. now revisit the 
chemistry of Bk, which has 
proven fiercely challenging to 
study over the years on account 
of its vigorous radioactive decay. 
Synthetic crystallized Bk borate 
and dipicolinate compounds 
structurally resembled Cf 
analogs in the solid state but 
manifested distinct electronic 
and magnetic characteristics 
stemming from spin-orbit cou- 
pling effects. —JSY 


Science, this issue p. 888 


HEALTH ECONOMICS 
Delivering chlorine to 
those who use it 


In developed countries, a con- 
sumer's valuation of a health 
product can be measured by his 
or her willingness to pay for it. 
But poorer individuals, especially 
those in developing countries, 
might want and need a product 
yet be unable to pay for it with 
money. Dupas et a/. demon- 
strate that a nonprice voucher 
mechanism can be used to 
deliver chlorine for water treat- 
ment to people in Kenya who are 
too poor to pay for it, but who 
use it when they get it (see the 
Perspective by Olken). Having 
to redeem the vouchers screens 
out people who would accept the 
free chlorine solution but not use 
it. —GJC 

Science, this issue p. 889; 

see also p. 864 


ORGANIC SYNTHESIS 


Rapid ryanodol route 

The plant-derived compound 
ryanodine and its hydrolyzed 
cousin ryanodol are bio- 
chemically interesting for their 
calcium-regulating capacity and 
chemically interesting for their 
dense tangle of carbon rings 
brimming with oxygen append- 
ages. Chuang et a/. report an 
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efficient 15-step asymmetric 
synthesis of ryanodol from 
the structurally much simpler 
terpene pulegone (see the 
Perspective by Verdaguer). 
Key steps include a Pauson- 
Khand cyclization of a tethered 
alkene and alkyne with carbon 
monoxide to set the ring motifs, 
followed by an oxidation using 
selenium dioxide that delivers 
three different oxygen substitu- 
ents in tandem. —JSY 

Science, this issue p. 912; 

see also p. 866 


SIGNAL TRANSDUCTION 
How hypoxia controls 
the kinase Akt 


The protein kinase Akt controls 
cell survival and proliferation. In 
human cells in culture, Guo et al. 
found that Akt was modified by 
the prolyl hydroxylase EgIN1 (see 
the Perspective by Voulgarelis 
and Tsichlis). Such prolyl hydrox- 
ylation suppressed enzymatic 
activity of Akt. EgIN1 is sensitive 
to oxygen concentrations, and 
in cells experiencing hypoxia, 
EgIN1 activity decreased and 
Akt became activated. This 
activation was associated with 
decreased binding of Akt to 
the pVHL tumor suppressor 
protein, which bound preferen- 
tially to prolyl-hydroxylated Akt 
and inhibited its activity. These 
effects could promote growth 
and survival of tumor cells 
exposed to hypoxia. —LBR 
Science, this issue p. 929; 
see also p.870 


CONSERVATION 
Harnessing expert 
knowledge 


Complex conservation efforts 
can fail without effective com- 
munication between experts, 
policy-makers, and local people. 
For example, an attempt to use 
electric fences to prevent crop 
raiding by elephants in Kenya 
failed because the design did not 
fully account for the interests 
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of different local groups. Ina 
Perspective, Adams describes 
how experts’ views of ecosys- 
tems may evolve under different 
scenarios, irrespective of their 
backgrounds. Transdisciplinarity, 
diversity, and transparency are 
crucial for groups of scientific 
experts to best contribute to 
effective conservation efforts. 
—JFU 


Science, this issue p. 867 


NEURONAL PLASTICITY 
More responsive with 
epigenetics 
Various neuropsychiatric and 
neurological diseases can 
change intrinsic membrane 
excitability, which affects how 
responsive neurons are to 
stimuli. Meadows et a/. found 
that inhibiting the methylation of 
cytosines in DNA made cultured 
cortical neurons more respon- 
sive to stimuli. The increase 
in responsiveness was due to 
a decrease in the activity of a 
specific family of potassium 
channels, and inhibiting these 
channels enhanced intrinsic 
membrane excitability to a 
similar extent as inhibiting DNA 
cytosine methylation. Thus, 
epigenetic remodeling of DNA 
can control neuronal activity by 
altering the electrophysiological 
properties of the entire neuron. 
—NRG 

Sci. Signal. 9, ra83 (2016). 


PHOTOSYNTHESIS 
Sometimes, red light 
means grow 


Some cyanobacteria are able to 
use the far-red end of the light 
spectrum by synthesizing chlo- 
rophyll f pigments. Introducing 
the protein responsible for 
chlorophyll f synthesis into crop 
plants could potentially expand 
the range of wavelengths that 
such plants use during photo- 
synthesis and thereby increase 
their growth efficiency. Ho et al. 
identified chlorophyll f synthase 
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(ChIF) in two cyanobacteria that 
are acclimatized to grow using 
far-red light. Introducing the 
ChiF-encoding gene into a model 
cyanobacterium allowed the 
organism to synthesize chloro- 
phyll f. Similarities between ChIF 
and a core protein of photosys- 
tem I| suggest that they have a 
close evolutionary relationship, 
and ChIF may even represent a 
more primitive photochemical 
reaction center. -NW 

Science, this issue p. 886 
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of short, noisy time series that 
are common in ecology and other 
disciplines such as economics. 
Using examples from published 
data sets, they show how this 
approach enhances the tractabil- 
ity of complex data from multiple 
interacting components and 
offers a way forward in ecological 
forecasting. -AMS 


Science, this issue p. 922 


Visualizing gene 
expression in nuclei 


Gene expression can vary 
greatly within a single cell. Using 
techniques that they developed 
for sequencing single nuclei 
and labeling proliferating cells 
in vivo, Habib et al. performed 
RNA sequencing of 1402 single 
nuclei from the adult mouse 
hippocampus. Combining this 
approach with a clustering 
algorithm for single-cell and 
-nucleus RNA sequencing data 
delineated specific cell types 
during cell differentiation and 
development. By providing 
polyadenylated RNA from nuclei 
alone, as opposed to cytoplas- 
mic RNA, these methods open 
the application of single-cell 
transcriptomics to tissues in 
which individual cells are difficult 
to isolate. —LMZ 
Science, this issue p.925 


New insights into 
norovirus entry 


There's no escaping norovirus 
when you have it—the symptoms 
from this gastroenteritis-causing 
virus, though brief, are often debil- 
itating. Preventing infections will 
rely on improving our understand- 
ing of how norovirus enters host 
cells. Orchard et al. show that the 
entry of murine norovirus (MNoV) 
into host cells requires a protein 
called CD300If. In cell culture, 
mouse cells needed to express 
CD300If in order for MNoV 
binding, entry, and replication to 
occur. Deleting the gene encoding 
CD300If in mice protected them 
against MNoV infection. Human 
cells expressing CD300lIf allowed 
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MNoV to break the species bar- 
rier, a finding that may lead to new 
insights into the infectivity of this 
virus. —KLM 


Science, this issue p. 933 


Anew trick for IL-1B 


One strategy to tame the symp- 
toms of autoimmune diseases 
is to block the pain-causing 
inflammation. For rheumatoid 
arthritis, one such therapy is the 
interleukin-1p (IL-1p) receptor 
antagonist anakinra; however, 
patients who receive anakinra 
have increased susceptibil- 
ity to group A Streptococcus 
(GAS) infections. LaRock et 
al. examined the mechanisms 
governing this effect and found 
that a microbial protease, SpeB, 
activates IL-18 by directly cleav- 
ing the prodomain that prevents 
IL-18 signaling. Blocking this 
inflammatory response with 
anakinra may account for the 
more frequent GAS infections 
in patients with rheumatoid 
arthritis, an effect that may also 
hold true for their increased sus- 
ceptibility to infection by other 
microorganisms. —AB 

Sci. Immunol.1, aah3539 (2016). 


Aseismic “weather 
bomb” detector 


Seismic tomography is like an 
x-ray of Earth's interior, except 
that it uses earthquakes for the 
illumination. Earthquakes are 
imperfect illuminators because 
they are clustered on plate 
boundaries, leaving much of the 
interior in the shadows. Using a 
seismic array in Japan, Nishida 
and Takagi detected seismic 
waves that they attribute to a 
severe and distant North Atlantic 
storm called a “weather bomb” 
(see the Perspective by Gerstoft 
and Bromirski). The seismic 
energy traveling from weather 
bombs through the Earth 
appears to be capable of illumi- 
nating the many dark patches of 
Earth's interior. —BG 

Science, this issue p. 919; 

see also p. 869 
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Kinesin-driven microtubule 
~~ sliding contributes to 
cytoplasmic streaming in 
the Drosophila oocyte. 


Microtubule sliding during 
Drosophila development 


he motor protein kinesin carries cargo to locations in the 
cell by moving along microtubules. Kinesin-1 can also 
move microtubules relative to each other. Winding et al. 
show that it does this by using its motor domain to move 
along one microtubule while using a second domain 
to bind another microtubule. They constructed a kinesin-1 
mutant that was deficient in microtubule binding but able to 
bind and transport other cargo and a second mutant that was 
able to slide microtubules but could not transport cargo. Using 
these mutants, they demonstrated that microtubule sliding 
is important in axon and dendrite outgrowth during nervous 
system development. In addition, Lu et a/. used the mutants 
to show that microtubule sliding contributes to cytoplasmic 
streaming, which is important in distributing RNA and proteins 


in Drosophila oocytes. —VV 


Proc. Natl. Acad. Sci. U.S.A. 10.1073/pnas.1520244113 


An integrated route to 
frequency combs 


A frequency comb is a light 
source that provides a spec- 
trum of precisely spaced 
wavelengths, the range of which 
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can sometimes span over an 
octave. Such a light source can 
find a broad range of applica- 
tions in spectroscopy, sensing, 
metrology, and communica- 
tion. There are considerable 
efforts under way to generate 
such combs “on chip” by using 
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PALEOECOLOGY 


Climate change and 
megafaunal extinction 


oolly mammoths went extinct 
on the Asian and North 
American mainlands at the end 
of the last glaciation 13 to 14 
thousand years ago. However, 
small relict populations are known to 
have survived for several thousand 
more years on the Beringian islands 
between the two continents. Graham 
et al. used a suite of paleoenvironmen- 
tal proxy data to determine that the 
final extinction of mammoths on St. 
Paul Island occurred 5600 + 100 years 
ago. There is no evidence of human 
occupation on St. Paul at that time, so 
hunting can be ruled out as a cause of 
the mammoths' disappearance from 
the island. Instead, their demise was 
caused by climate change and rising 
sea level acting synergistically to 
deplete freshwater resources. —AMS 
Proc. Natl. Acad. Sci. USA 10.1073/ 
pnas.1604903113 (2016). 


Wooly mammoths survived on St. Paul 
Islanchin the Bering Sea for thousands of 


microresonator cavities, thus 
providing the possibility of an 
integrated optics approach 
whereby the technology can 
be shrunk. Pu et al. report one 
such approach based on an 
AlGaAs-on-insulator platform. 
With the AlGaAs platform well 
developed in terms of process- 
ing and the material's optical 
properties well understood, 
the demonstration of such an 
approach could prove useful 
for the widespread commer- 
cialization of frequency comb 
technology. —I|SO 


Optica 3, 823 (2016). 


PSYCHOLOGY 
Slow-motion state 
of mind 


Memory is fallible and therefore 
a potentially unreliable source 
of information in a court of law. 
Much better would be video 
evidence of a crime. Caruso et 
al. show that this is not always 
so, however. Watching sur- 
veillance video of a shooting 
during an attempted robbery 


884 


in slow-motion replay gave 
viewers a stronger impression 
that the shooter fired with the 
intent to kill, compared with 
watching it at regular-speed 
playback. This effect on per- 
ception of premeditation was 
reduced, though not elimi- 
nated, by viewing the video at 
both regular and slow-motion 
speed, but it was not mitigated 
simply by indicating elapsed 
time. —GR 

Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 

pnas.1603865113 (2016). 


Watching surveillance video in slow motion 
increases perception of an intent to kill. 
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PIEZOELECTRICS 
Making vibration 
sensors noble 


Piezoelectric materials produce 
an electrical current in response 
to mechanical stress, making 
them exceptional vibration sen- 
sors and actuators. Piezoelectric 
materials tend to be oxides, the 
most common example being 
quartz (SiO,). Stenner et al. show 
that the nanoporous gold impreg- 
nated with electrolyte solution 
produces an exceptionally large 
electrical charge in 
response to stress. The 
electrical response to 
strain comes from the 
charge polarization of 
internal interfaces. The 
distinct mechanism for 
generating a charge 
from traditional piezo- 
electrics suggests that 
other nanoporous met- 
als may also be useful 
for electromechanical 
coupling applications. 
—BG 

Aav. Funct. Mater. 10.1002/ 

adfm.201600938 (2016). 
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MATERIALS CHEMISTRY 
A framework for 
drug delivery 


Metal-organic frameworks (MOFs) 
are attractive candidates for drug 
delivery if they can be formed 
from low-toxicity materials. Levine 
et al. noted that olsalazine, a low- 
toxicity anti-inflammatory drug 
used in treatment of gastroin- 
testinal diseases, is tolerated in 
multigram doses and structurally 
related to the ligands used to cre- 
ate M-MOF-74. One-dimensional 
hexagonal pore structures with 
diameters of 2.7 nm were formed 
from olsalazine and dications such 
as Mg** or Fe**. These materials 
not only displayed a high capacity 
for H, adsorption, but they could 
also be loaded with model drugs 
such as phenethylamine. Pressed 
pellets of the Mg-based material 
released 50% of the olsalazine 
and 95% of the phenethylamine 
after 3 hours in phosphate- 
buffered saline, suggesting 
applications for multidrug delivery. 
—PDS 


J.Am. Chem. Soc. 10.1021/ 
jacs.6b03523 (2016). 
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MATERIALS SCIENCE 


Building devices from colloidal 


quantum dots 


Cherie R. Kagan,* Efrat Lifshitz,* Edward H. Sargent,* Dmitri V. Talapin* 


BACKGROUND: The Information Age was 
founded on the semiconductor revolution, 
marked by the growth of high-purity semi- 
conductor single crystals. The resultant design 
and fabrication of electronic devices exploit 
our ability to control the concentration, motion, 
and dynamics of charge carriers in the bulk 
semiconductor solid state. 

Our desire to introduce electronics everywhere 
is fueled by opportunities to create intelligent 
and enabling devices for the information, com- 
munication, consumer product, health, and 
energy sectors. This demand for ubiquitous 
electronics is spurring the design of materials 
that exhibit engineered physical properties and 
that can enable new fabrication methods for 
low-cost, large-area, and flexible devices. 

Semiconductors, which are at the heart of 
electronics and optoelectronics, come with high 
demands on chemical purity and structural per- 
fection. Alternatives to silicon technology are 
expected to combine the electronic and optical 


Field-effect transistor 


Light-emitting diode 


properties of inorganic semiconductors (high 
charge carrier mobility, precise n- and p-type 
doping, and the ability to engineer the band 
gap energy) with the benefits of additive device 
manufacturing: low cost, large area, and the 
use of solution-based fabrication techniques. 
Along these lines, colloidal semiconductor quan- 
tum dots (QDs), which are nanoscale crystals of 
analogous bulk semiconductor crystals, offer a 
powerful platform for device engineers. Col- 
loidal QDs may be tailored in size, shape, and 
composition and their surfaces functionalized 
with molecular ligands of diverse chemistry. 
At the nanoscale (typically 2 to 20 nm), quan- 
tum and dielectric confinement effects give rise 
to the prized size-, shape-, and composition- 
tunable electronic and optical properties of QDs. 
Surface ligands enable the stabilization of QDs 
in the form of colloids, allowing their bottom- 
up assembly into QD solids. The physical prop- 
erties of QD solids can be designed by selecting 
the characteristics of the individual QD building 


Photoresistor 4 


Colloidal quantum dot device architectures. Colloidal quantum dots (center) may be engineered 
in size, shape, and surface chemistry and deposited from solution to be integrated as thin-film solids 
in different electronic and optoelectronic devices that modulate and transmit charge and transduce 
light and electricity. [Figure courtesy of O. Voznyy and F. S. Stinner] 
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blocks and by controlling the electronic commu- 
nication between the QDs in the solid state. These 
QD solids can be engineered with application- 
specific electronic and optoelectronic proper- 
ties for the large-area, solution-based assembly 
of devices. 


ADVANCES: The large surface-to-volume ratio 
of QDs places a substantial importance on the 
composition and structure of the surface in 
defining the physical properties that govern the 
concentration, motion, and dynamics of excita- 
tions and charge carriers in QD solids. Recent 
studies have shown pathways to passivate un- 
coordinated atoms at the QD surface that act to 

trap and scatter charge car- 
riers. Surface atoms, ligands, 
Read the full article and ions can serve as dop- 
at http://dx.doi. ants to control the electron 
org/10.1126/ affinity of QD solids. Surface 
science.aac5523 ligands and surrounding 
matrices control the barriers 
to electronic, excitonic, and thermal transport 
between QDs and between QDs and matrices. 
New ligand chemistries and matrix materials 
have been reported that provide freedom to con- 
trol the dynamics of excitons and charge carriers 
and to design device interfaces. These advances 
in engineering the chemical and physical prop- 
erties of the QD surface have been translated into 
recent achievements of high-mobility transistors 
and circuits, high-quantum-yield photodetectors 
and light-emitting devices, and high-efficiency 
photovoltaic devices. 


OUTLOOK: The dominant role and dynamic 
nature of the QD surface, and the strong motive 
to build novel QD devices, will drive the explora- 
tion of new surface chemistries and matrix mate- 
rials, processes for their assembly and integration 
with other materials in devices, and measurements 
and simulations with which to map the relation- 
ship between surface chemistry and materials and 
device properties. Challenges remain to achieve full 
control over the carrier type, concentration, and 
mobility in the QD channel and the barriers and 
traps at device interfaces that limit the gain 
and speed of QD electronics. Surface chemistries 
that allow for both long carrier lifetime and high 
carrier mobility and the freedom to engineer the 
bandgap and band alignment of QDs and other 
device layers are needed to exploit physics par- 
ticular to QDs and to advance device architectures 
that contribute to improving the performance 
of QD optoelectronics. The importance of thermal 
transport in QD solids and their devices is an es- 
sential emerging topic that promises to become 
of greater importance as we develop QD devices. 


The list of author affiliations is available in the full article online. 
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Building devices from colloidal 


quantum dots 


Cherie R. Kagan,’ Efrat Lifshitz,?* Edward H. Sargent,?* Dmitri V. Talapin*>* 


The continued growth of mobile and interactive computing requires devices manufactured 
with low-cost processes, compatible with large-area and flexible form factors, and with 
additional functionality. We review recent advances in the design of electronic and 
optoelectronic devices that use colloidal semiconductor quantum dots (QDs). The 
properties of materials assembled of QDs may be tailored not only by the atomic 
composition but also by the size, shape, and surface functionalization of the individual 
QDs and by the communication among these QDs. The chemical and physical properties of 
QD surfaces and the interfaces in QD devices are of particular importance, and these 
enable the solution-based fabrication of low-cost, large-area, flexible, and functional 
devices. We discuss challenges that must be addressed in the move to solution-processed 


functional optoelectronic nanomaterials. 


he development of modern electronics in 

the middle of the 20th century has changed 

the course of human society. Semiconductor 

crystals, typically of silicon, are used to build 

high-performance electronic circuits, solar 
cells, and light detectors. Today, electronics have 
become increasingly pervasive, and semiconductor 
devices are fabricated from a broader range of 
materials and introduced in more diverse forms, 
from microscopic sensors and implants to mobile 
devices to TVs, whose active components span 
meters in size. Solar farms use square miles of 
semiconductor panels to generate electricity at 
grid parity cost. 

However, semiconductor fabrication processes, 
originally developed for small chips, become cost- 
ly when applied to devices with a large form factor. 
Conventional semiconductor devices are also char- 
acteristically planar and rigid. In constrast, emerging 
applications often require ultracheap electronic 
devices and their integration on flexible and curved 
surfaces such as paper, fabric, and plastic. 

In recent years, the “one crystal per device” 
concept has been challenged by the develop- 
ment of materials and processes that allow 
bottom-up fabrication, in which device parts 
are assembled from nanoscale components— 
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such as semiconductor quantum dots (QDs), car- 
bon nanotubes, and polymers—by using non- 
traditional techniques, such as solution-based 
and additive manufacturing. However, the shift 
from materials that are bulk single crystals to 
assemblies of many components introduces chal- 
lenges, most notably the increased role of inter- 
faces. Interfaces often introduce bottlenecks to 
charge transport and can also function as re- 
combination sites that reduce carrier lifetime, 
leading to lower device performance. 

Colloidal semiconductor QDs open up oppor- 
tunities to integrate inorganic semiconductors, 
with a proven track record in electronic and op- 
toelectronic devices, into high-performance and 
flexible devices by using low-temperature, large- 
area, solution-based methods instead of by costly, 
high-vacuum, high-temperature device manufac- 
turing processes. Tuning of QD size, shape, or 
building heterostructures into each QD intro- 
duces tools for engineering electronic materials 
with properties not available in traditional bulk 
semiconductors. 


From bulk crystals to QD arrays 


Colloidal QDs are a subset of semiconductor 
nanocrystals (NCs), which at typical 2- to 20-nm 
diameters show effects of quantum confinement. 
Each QD contains hundreds to thousands of at- 
oms (Fig. 1A). These colloidal QDs are commonly 
made of II-VI, III-V, and IV-VI semiconductors by 
means of inexpensive and scalable, wet-chemical 
synthetic procedures (J, 2). The synthetic meth- 
odology for a wide range of technologically im- 
portant semiconductors has been advanced to 
provide QD samples tunable in size and shape 
and with near-atomic-layer precision (1). The 
surface of as-synthesized QDs is coated with a 
layer of molecular ligands (Fig. 1A). These ligands 
stabilize colloidal QDs against precipitation (Fig. 
1B), enabling QD inks that can be processed into 


thin-film electronic and optoelectronic devices 
through coating and printing techniques (3). 
After evaporation of the carrier solvent, arrays 
of QDs form a solid material whose structure 
depends most notably on the size and shape 
uniformity of the individual QDs and the solvent 
characteristics and evaporation rate. A large dis- 
persity in QD size or shape and a fast solvent 
evaporation rate tend to pack QDs in glassy solids 
with only short-range order (Fig. 1C, bottom). On 
the other hand, slow evaporation of the carrier 
solvent from a colloidal dispersion of QDs with 
tight size and shape distribution often leads to 
the formation of long-range ordered superlatti- 
ces or supercrystals (Fig. 1C, top) (/). Either glassy 
or ordered QD arrays may also be assembled from 
two different types of QDs in order to form multi- 
component QD arrays (4, 5). Such superlattices 
should be considered supramolecular analogs of 
atomic crystals, whereas glassy QD films are the 
cousin of amorphous solids. These QD solids, or- 
dered or amorphous, are used as active compo- 
nents of electronic and optoelectronic devices 
(2). A device can contain one or several QD layers, 
resembling a multilayer stack of active compo- 
nents in traditional semiconductor devices. Al- 
though this Review focuses on semiconductor 
QDs, colloidal NCs of various materials—including 
metal oxides, metals, dielectrics, and magnets— 
can be used in the solution-based fabrication of 
device components (6). The chemistry of surface 
ligands dictates the dispersability of QDs in dif- 
ferent solvents, a topic that is particularly impor- 
tant for the fabrication of multilayered structures 
that require the deposition of QD colloids from 
mutually orthogonal solvents (such as polar di- 
methylformamide and nonpolar hexane). 


The core and the surface of 
individual QDs 


The electronic structure of semiconductor QDs 
differs fundamentally from that of the correspond- 
ing bulk material as a result of quantum and 
dielectric confinement effects. In bulk semicon- 
ductors, the large density (~10” cm) of covalently 
and/or ionically bonded atoms creates a high 
and broad density of conduction and valence band 
states. The conduction and valence bands are 
energetically separated by the band gap, which 
is empty of states (Fig. 2A). Instead of continuous 
valence and conduction bands, QDs develop dis- 
crete states whose energy and symmetry depend 
on QD size and shape (Fig. 2A). The energy gaps 
between the states decrease with increasing QD 
size, thus relating the energy gap between the 
highest occupied and lowest unoccupied states 
to the QD size (7, 8). 

The large surface-to-volume ratio of QDs in- 
troduces a substantial importance on the nature 
of the surface. A QD surface exposes different 
crystal facets and creates dangling bonds. Under- 
coordinated surface atoms often contribute elec- 
tronic states with energies lying within the band 
gap of the QD core (Fig. 2B). These surface states 
alter the electronic and optical properties of QDs 
because low-energy states may serve as dopants, 


and deeper band-tail and mid-gap states may act 
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to trap charge carriers and provide a path for 
fast electron-hole recombination (9). 

Dangling bonds can be satisfied by engaging 
surface atoms in strong chemical bonding with 
ligands. This pushes the energy of the occupied 
surface states below and the unoccupied surface 
states above the corresponding states of the QD 
core (Fig. 2C). For example, modifying the sur- 
face ligand chemistry for PbS QDs has been used 
to passivate electronic states, increasing the QD 
photoluminescence efficiency and the power con- 
version efficiency of QD solar cells (JO, 2). 

The understanding of QD surfaces has dra- 
matically improved in recent years (72). The com- 
bination of electronic, optical, and vibrational 
spectroscopies (13-16), nuclear magnetic reso- 
nance (15, 17), x-ray and ultraviolet photoelectron 
spectroscopy (78), and high-resolution electron 
microscopy (19) has been used to reveal the ar- 
rangement of surface atoms in the QD core, the 
density and packing of the ligand molecules in 
the corona surrounding the QD core, and the 
influence of ligands on the QD electronic struc- 
ture (20, 21). The integration of experimental 
techniques and computational methods such as 
density functional theory and molecular dynam- 
ics provides complementary information on the 
interactions that govern surface structure and 
binding and enable the construction of compell- 
ing models of the QD-ligand interface (22, 23). 

The interactions between the QD core and 
ligand head-group can be rationalized by using 
the concepts originally developed for molecular 
coordination compounds and recently adapted 
to NC surfaces (24, 25). Generally, electron-deficient 
metal ions at the QD surface interact with electron- 
rich nucleophilic ligands. These ligands can be 
either neutral molecules with lone electron pairs 
such as amines (RNH2) and phosphines (R3P) or 
ionic species such as carboxylate (RCOO ) and 
various inorganic ions (for example, Cl , SnS,"). 
The surface of metal chalcogenides and other 
compound QDs also exposes electron-rich sites 
that can interact with electrophilic species, such 
as Cd(OOCR), or PbClo, that bind to the QD 
surface via empty orbitals on metal atoms (25). 
These bonding motifs are schematically shown 


in Fig. 2D. The requirement for QD charge neu- 
trality as a whole constrains the composition of 
the inorganic core, depending on the type of 
surface ligands. The QD core can be either stoi- 
chiometric, if all ligands are neutral species, or 
deviate from the stoichiometry of the correspond- 
ing parent material, when ligands are charged. 
CdSe and PbSe QDs synthesized in the presence 
of carboxylate ligands show metal-to-selenium 
ratios significantly in excess of unity (26, 27). Bind- 
ing of small ions, such as OH’ and Cl, helps 
to match the density of ligand coating to the 
number of surface atoms and achieve more com- 
plete passivation of surface dangling bonds (23). 

QDs may also be integrated in a matrix such 
as a conductive organic or inorganic host (such 
as polymers, chalcogenide glasses, oxides, or pe- 
rovskites) (12). Early work in QD photovoltaics 
and photodetectors used semiconducting poly- 
mers, such as polythiophenes, to provide a charge- 
separating heterojunction (28, 29). However, QD 
solids have progressed so rapidly in their charge 
carrier mobilities that the inclusion of a polymer 
phase typically leads to an undesired reduction 
in carrier mobility. In the area of light emission, 
the use of semiconducting polymers as a matrix 
material has had considerably more success (30). 
Infilling of QD solids through the atomic-layer 
deposition of oxides has been shown to increase 
the performance of QD electronics because the 
oxide matrix acts to passivate and stabilize QD 
surfaces (37, 32). Recently, the organo-metal halide 
perovskite, a solution-processable semiconductor 
complementary to QDs, was successfully incor- 
porated as a large band gap (type I) matrix (33) 
that produced a high degree of passivation of 
the incorporated QD phase. The perovskites, with 
their high mobilities, enabled efficient transport 
of photocharges to and capture across the hetero- 
interface with the QD inclusions. 


QDs as tunable light absorbers 
and emitters 


In bulk semiconductors, free carriers are gen- 
erated by illumination with photons with ener- 
gies above the band gap. The high dielectric 
constant of traditional bulk semiconductor leads 


to a small Coulomb binding energy of the elec- 
tron and hole compared with thermal energy at 
room temperature. In contrast, quantum and di- 
electric confinement effects in semiconductor 
QDs give rise to strong optical absorption reso- 
nances associated with allowed transitions be- 
tween discrete electronic states (Fig. 2A), producing 
electron-hole pairs with relatively large binding 
energies, thus creating single excitons (X) or 
multiple excitons [for example, biexcitons (BX)] 
at an amount depending on the QD absorption 
cross section at a given photon energy and the 
intensity of illumination (Fig. 3A, schemes for 
X and BX). 

Electron-hole recombination in bulk crystals 
of direct band gap semiconductors typically oc- 
curs through radiative band-to-band transition. 
In direct band gap colloidal QDs, the band-to- 
band transitions have nearly monochromatic 
colors, with large oscillator strengths owing to 
the quantization of the electronic states (Fig. 3A). 
However, dangling bonds at the large-area sur- 
face create a high density of mid-gap trap states, 
introducing a competitive pathway to band-edge 
recombination. Ligand passivation can satisfy 
surface bonding and reduce the unintentional 
trap density and therefore the nonradiative, trap 
recombination. Another nonradiative route exists 
both in bulk and colloidal QDs: In the presence 
of high doping concentrations, recombination is 
typically dominated by the Auger process, involv- 
ing the transfer of the electron-hole recombination 
energy to a neighboring third particle (electron 
or hole) and its ejection to a “hot” state. In QDs, 
the Auger process is more efficient with respect 
to the analogous process in the bulk because 
conservation of momentum is broken, strong 
spatial confinement of the carriers enhances 
multiple carrier Coulomb interactions (34), and 
proximal surface traps can accommodate ejected 
carriers (35). The Auger process leaves behind a 
charged QD that can interact with a subsequent 
excitation, forming a charged exciton (X*) (an 
exemplary scheme for the Auger process is shown 
in Fig. 3A). 

In addition to surface ligation, the QD surface 
may be engineered by synthesizing QDs in the 


Fig. 1. Assembly of thin-film devices from colloidal QDs. (A) Schematic of an individual QD consisting of an inorganic semiconductor core surrounded by a 
layer of surface ligands. (B) The surface ligands stabilize the “QD ink,’ as seen by a photograph of a colloidal dispersion of QDs in a carrier solvent. (C) Colloidal 
dispersions of QDs can be cast or printed and form either glassy films with random packing of QDs (bottom) or long-range ordered QD superlattices (top), depending on 
the QD solvent evaporation rate and QD uniformity. (D) QD arrays are used as solution-deposited active components of electronic and optoelectronic devices such as 
transistors, light-emitting diodes, and solar cells (inset). Multiple QD layers can be stacked on top of each other by using chemically orthogonal solvents. 
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form of inorganic nano-heterostructures com- 
prising a semiconductor core covered by another 
semiconductor as an epitaxial shell, forming type 
I and type II configurations. The band-offset 
in a type I core/shell heterostructure wraps the 
band edges of the core by that of the shell (Fig. 
3B), confining the electron and hole into the 
core. In a type II or quasi-type II heterostructure, 
the core and shell band edges are staggered, 
permitting partial or complete extension of one 
carrier into the shell (Fig. 3B). This spatial sep- 
aration of the electron and hole reduces exchange 
interactions and lowers radiative recombination 
rates. Thus, engineering the QD surface is a pre- 
requisite for device design, in which type I core/ 
shell QDs are beneficial for achieving high- 
photoluminescence quantum yields needed for 
efficient electroluminescence, whereas type II 
QDs provide charge separation beneficial for 
photovoltaic devices or photodetectors. Indeed, 
QDs with near unity luminescence efficiency 
and size-tunable emission colors are beginning 
to be exploited in today’s technologies—for ex- 
ample, the size-dependent emission from core- 
shell InP/ZnS QDs is used to achieve vivid colors 
in Samsung televisions (36). 

Multiple excitons (such as BX or triexciton) can 
be generated in individual QDs through the se- 
quential absorption of multiple photons at high 
photoexcitation densities (37, 38) or with multi- 
ple exciton generation (MEG) processes (Fig. 3A) 
(39-42) . MEG involves the excitation of a single 
electron-hole pair into a high-energy state (typi- 
cally =2.7 times the band gap) to form the so- 
called “hot” exciton, followed by nonradiative 
relaxation (cooling) into band-edge states. The 
cooling process deposits sufficient energy to pump 
another electron-hole pair across the band gap. In 
other words, the primary “hot” exciton is con- 
verted into two (or more) excitons with the band- 
gap energy (Fig. 3A). MEG is a topic of major 
interest targeted toward multiplying the number 
of carriers in order to increase the efficiency of 
QD photovoltaic cells and photodetectors. 

However, strongly interacting multiple exci- 
tons or multiple carriers occasionally lead to 
fluorescence intermittencies, also known as blink- 
ing. This phenomenon involves switching between 
bright luminescence, which is associated with the 
existence of neutral excitons (X or BX), and dark 
luminescence, which is associated with the forma- 
tion of charged excitons (such as X*) upon the 
occurrence of the Auger process (Fig. 3A). The 
blinking effect is a topic of a major concern be- 
cause it limits the efficiency of optoelectronic 
devices. Therefore, nonblinking QDs are desired 
and have been synthesized in recent years by 
exploiting QD core/shell heterostructure design, 
making use of a giant shell (43), giant core (44), 
or alloying of the core-shell interface (45, 46). 


Connecting the dots 


Arrays of solution-deposited colloidal QDs can 
be integrated in devices to modulate and trans- 
mit charge under bias and thereby produce and 
control an electrical current, convert an optical 
flux to electrical power, and use electrical cur- 
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rent to generate light akin to bulk semiconductor 
devices. QD arrays provide added degrees of free- 
dom for materials engineering because the elec- 
trical, optical, and thermal properties of a QD 
array are determined by the characteristics of and 
the communication between the individual QDs. 

Electrical properties depend on the type, con- 
centration, and mobility of charge carriers and 
the energy and density of states they occupy and 
through which they transport. In bulk semi- 
conductor crystals, the carrier type and concen- 
tration are typically controlled by substitutional 
doping of electron donating or accepting impurity 
atoms in the lattice, and these carriers occupy 
and move with the mobility characteristic of the 
broad, high-density conduction and valence bands. 
In QD solids, the type and concentration of car- 
riers may be similarly controlled by atoms in 
the QD core, but doping can be conveniently 
implemented by introducing atoms, ions, or lig- 
ands at the QD surface. These surface modifica- 
tions may alter the observed carrier transport not 
only by acting as dopants, but also by shifting the 
QD energy levels and thereby the efficiency of car- 
rier injection in devices (18, #7). The efficiency of 
doping and the magnitude of the energy level 
shift depends on the type and oxidation state 
of the surface species and that of the QDs—and 
is an intriguing area only beginning to be ex- 
plored. For example, nonstoichiometry created by 
the ligand type selected during synthesis (26), 
by means of surface atom stripping in solvents 
postsynthesis (25) or the physical or solution-based 
addition of atoms or ions (48-50), alter the po- 
larity and magntiude of carrier transport (for 
example, arrays of PbSe QDs with excess Pb and 
excess Se show n- and p-type transport, respec- 
tively). Surface impurity atoms or ions and lig- 
ands can also serve as n- and p-dopants. For 
example, halide ligands have been shown to in- 
crease electron transport in PbS QD arrays (57). 
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The additional carriers may occupy valence and 
conduction band states of the QDs or surface 
states, depending on the concentration of dop- 
ants in comparison with the mid-gap trap density. 

In QD solids, the inorganic cores are separated 
by layers of surface ligands, creating relatively 
narrow, low-density conduction and valence band 
states (Fig. 3C). For charge to travel between the 
states of neighboring QDs, the carriers must trans- 
port through these interparticle layers with 
a tunneling rate Pr ~ exp{-(2m*AE/n?)'? Az}, 
where m* is the electron effective mass, /i is 
Planck’s constant / divided by 2x, and AE and 
Aw are the height and width of the tunneling 
barrier defined by the ligands. The tunneling 
rate increases exponentially with decreasing sep- 
aration between the QDs and is also very sen- 
sitive to the barrier height. The coupling between 
QDs is often expressed in terms of the coupling 
energy B = AT, where / is Planck’s constant and 
is the tunneling rate described above. Here, we 
focus on the strong influence of the QD surface; 
however, charge transport in QD solids also de- 
pends on the size, size distribution, and organi- 
zation of QDs in the arrays and has been reviewed 
elsewhere (2, 52). 

In a QD array, the effect of the intervening 
ligands that define energy barriers is multiplica- 
tive because of the large number of such barriers 
along the transport path of the charge carriers. 
In most cases, QD synthesis requires the use of 
long-chain organic ligands not suitable for elec- 
tronic applications. Reducing Aw and AE by the 
proper design of the surface ligands increases the 
strength of electronic coupling between the QDs, 
and relatively small changes in ligand chemistry 
can dramatically alter the conductivity of the QD 
layer (53-56). The native ligands can be exchanged 
for shorter and conjugated organic molecules or 
compact inorganic compounds. The exponential 
increase in the mobility of charge carriers with 
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the shortening of organic ligand molecules is 
observed in films of PbSe QDs (53, 57). The most 
mobile electron transport has been observed in 
arrays of QDs capped with inorganic ligands, 
represented by chalcogenidometallate (such as 
SnoS¢*, In.Se,””, and CdTe.” ) (58-60), halome- 
tallate (PbCl, and InCl, ) (61, 62), chalcogenide 
(S*), halide (CI and I’), and pseudohalide (SCN~ 
and N; ) (62, 63) ions. The combination of strong 
coupling by using compact ligand exchange and 
doping chemically, electrochemically (64), or elec- 
trostatically allows carriers to access higher- 
density and higher-mobility states. The recent 
introduction of high >10 cm? V™ s' mobility QD 
solids (48, 60, 65, 66) is enabling high-performance, 
solution-deposited QD electronics and fast carrier 
transport to outcompete multiple exciton quench- 
ing and carrier trapping and/or nonradiative 
Auger relaxation important for QD optoelectronics. 

Inorganic shells in core/shell QDs can also 
contribute to the coupling strength among QDs. 
For type I heterostructures, the electronic states 
of the core material are substantially shielded 
within the QD and interact much less with their 
surroundings. This situation is favorable for high 
luminescence efficiency but not favorable for 
transport of electrons and holes between QDs. 
On the other hand, partial charge separation in 
type II heterostructures can enhance transport 
for one type of carrier (electrons or holes) while 
suppressing that of the other carrier (65). 

Excitons can also be transferred between neigh- 
boring QDs (Fig. 3D). At interparticle separations 
of 0.5 to 10 nm, coupling through electromagnetic 
fields created by the transition dipoles of an excited 
QD (donor) and a ground-state QD (acceptor) lead 
to the radiationless transfer of excitons via Forster 
resonance energy transfer (FRET) (67). The effi- 
ciency of energy transfer is characterized by the 
1/6 


Forster radius Ry (s J Fp(*)e4(¥) *) in com- 
parison with the physical center-to-center distance 
between donor and acceptor QDs, where }p is the 
donor QD emission quantum yield, Fp(¥) the nor- 
malized spectrum of the excited donor QD emis- 
sion, €4(¥) is the molar extinction spectrum of 
the ground-state acceptor QD, and 7 is the refrac- 
tive index of the QD array. FRET depends on the 
spectral overlap between QD donor emission and 
QD acceptor absorption, seen by the integrand, and 
therefore on the size and size distribution of the 
QDs and on the orientation of QDs in the solids. 
The surface chemistry of the QDs affects the ef- 
ficiency of energy transfer through the emission 
quantum yield of the QDs, the refractive index of 
the array, and, as it increases, the center-to-center 
QD spacing, particularly as the ligand length or 
shell thickness become large compared with 
the QD diameter. At <0.5 nm interparticle dis- 
tances, stronger exchange interactions lead to 
fast exciton diffusion. 

FRET plays an important role in QD optoelec- 
tronic devices. In QD photovoltaics, energy trans- 
fer within the inhomogeneous distribution of QDs 
(68) leads to energy loss. In QD light-emitting de- 
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Fig. 3. Carrier dynamics and transport in QDs. (A) Schematic of absorption and emission processes 
in QDs. From left to right: band-edge absorption (green arrow) and emission (orange arrow) of a single 
exciton (X); sequential absorption of two photons in resonance with the band gap energy for the formation 
of a biexciton (BX); nonradiative decay of an electron (curled arrow) into a mid-gap trap state followed by 
trap-to-band recombination (dashed orange arrow); framed area: BX nonradiative Auger process, involving 
energy transfer from electron-hole recombination (dashed orange arrow) to a third carrier (such as an elec- 
tron) and its ejection to a remote state (red dashed and curved arrow). The hole left behind (pale circle) 
becomes attached to a freshly formed exciton (X), creating a hole-hole-electron complex (trion, X*); Mul- 
tiple exciton generation (MEG) starts with the creation of an electron-hole pair with energy significantly 
above the band gap (pale circles), followed by nonradiative relaxation (cooling) into a band-edge state 
(curled arrows). The cooling energy enables the generation of additional electron-hole pair (or pairs) across 
the band-gap—the formation of multiple excitons. (B) Schematic of a core/shell heterostructure and (from 
left to right) type |, quasi-type II, and type-II core-to-shell band-edge alignments. Dashed lines in type II 
designate a smooth interface potential in the case of an alloyed boundary. (C and D) Schematics of 
(C) electron transfer between QDs via tunneling and (D) exciton transfer between QDs via FRET processes. 
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vices, energy transfer in core-only QD arrays leads 
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to undesirable self-quenching of the emission with- 
in the inhomogeneous distribution in QD states 
and to nonluminescent QDs, but energy transfer 
in core/shell QD arrays is believed to overcome 
poor charge injection, providing a route to QD exci- 
tation and to high-brightness QD devices (69). 
Understanding heat transport in QD arrays 
is another very important component of device 
engineering. For example, it has recently been 
shown that thermal runaway is the major ob- 


stacle to QD lasers (70). On the other hand, low 
thermal conductivity is naturally beneficial for 
thermoelectric applications. Unfortunately, little 
research effort has been devoted to this impor- 
tant subject. Several recent studies have revealed 
the key role of the QD surface in heat transport 
and to electron-phonon coupling strength (77). 
Reported values of the thermal conductivity of 
QD solids are in the range of 0.1 to 0.4 Wm K™, 
which is about three orders of magnitude smaller 
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Fig. 4. QD electronics. (A) QD field-effect transistors highlighting the (left) semiconductor-gate dielectric 
interface, detailing the surface chemistry of commonly used oxides (88), and (right) metal-semiconductor 
interface, which introduces barriers to charge injection (80). (B) Large-area (40.64 cm) flexible QD elec- 
tronic circuitry. (©) Comparison of the delay, a measure of the switching speed, as a function of supply voltage 
(Vpp) for flexible QD circuits (yellow stars) in comparison with rigid (solid symbols) and flexible (open symbols) 
solution-processable, semiconducting organic (green), carbon nanotube array (blue), sol-gel metal-oxide (red), 
and early QD channel layers (black) (87). 


than the thermal conductivity of bulk Si (72). The 
analysis of QD solid thermal conductivity has 
used effective medium approximations (EMAs) 
that express the thermal conductivity of the com- 
posite in terms of the constituent volume frac- 
tions and thermal conductivities of the QDs and 
of the ligands. To achieve agreement with experi- 
ments, EMA must take into account thermal 
conductance across the interface between the 
QD core and the ligands, which depends on the 
overlap and coupling of the vibrational density 
of states for the QD core and the ligands (72, 73). 
Available experimental observations and EMA 
modeling suggest that the ligand-ligand interface 
between neighboring QDs is critical to heat trans- 
fer and needs to be engineered to increase heat 
transport in QD solids. 


Building devices from quantum dot solids 
QD electronics 


Colloidal QD solids have been incorporated as 
the semiconductor channel layer in thin-film 
field-effect transistors (FETs) (Fig. 4A). QD FETs 
provide a platform to probe carrier transport and 
as building blocks of low-cost, large-area, solution- 
processable, and flexible electronic technologies. 

The FET uses the gate electrode to electro- 
statically shift the Fermi energy and modulate 
the majority carrier concentration and conduct- 
ance of the QD thin-film channel spanning the 
source and drain electrodes and within the Debye 
length of the gate dielectric layer. The magnitude, 
voltage onset, and stability of the current and 
conductance modulation by the gate voltage are 
described by the metrics of mobility, current mod- 
ulation, threshold (or turn-on) voltage, hyster- 
esis, and subthreshold slope. 
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For electronic devices, the high carrier mo- 
bility (>10 cm? V"' s°) achieved through the 
combination of compact ligand exchange and 
surface passivation and doping (described above) 
is important to realizing high-performance cir- 
cuitry. Synthetic methods that reduce the in- 
homogeneity in electronic structure of the QD 
building blocks and ligand exchange chemistries 
and processes that allow for compact ligand chem- 
istries and yet the deposition of ordered QD as- 
semblies promise increased mobilities, while 
retaining signatures of the quantum-confined 
building blocks (52). Alternatively, the compact 
chalcogenidometallate ligand chemistries have 
been shown to serve as a molecular “solder,” allow- 
ing these QDs to provide a solution-processable 
precursor to bulk semiconductors with mobilities 
of >400 cm? V7 s' (60). In addition to carrier 
mobility, FETs require a large gate-modulated 
current (/on/Jorr) between the “ON” state and 
the “OFF” state. The current modulation is 
dominated by the gate-controlled change in car- 
rier concentration. FETs constructed from QD 
solids with a high carrier concentration in the 
“OFF” state—such as that found in low-band-gap, 
high-intrinsic carrier concentration semiconduc- 
tors (for example, IV-VI QD solids) or in highly 
doped QD solids—have undesirably limited cur- 
rent modulation. Current modulation >10* or even 
10° are needed for analog and digital circuitry, and 
low pico-ampere “OFF” currents are required 
for display applications. 

The construction of the FET introduces two 
interfaces with the semiconductor QD thin film 
solid that substantially affect device perform- 
ance: One is with the gate dielectric layer, and 
the other is with the source and drain electro- 
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des (Fig. 4A). The semiconductor-gate-dielectric 
interface typically introduces a density of trap 
states that tails from the conduction and va- 
lence band into the band gap and leads to an 
increase in carrier scattering and trapping. Se- 
lection of the gate dielectric material—such as 
replacing the SiO, layer with an Al,O; or ZrO, 
layer (66, 74, 75) and/or tying up surface states 
with self-assembled monolayers—reduces the in- 
terface trap density from ~10" cm” to 10” cm. 
The reduced interface trap density gives rise to 
an increase in FET mobility and subthreshold 
slope and a reduction in hysteresis. The higher 
dielectric constant of metal oxide gate dielectric 
materials allows for low-voltage operation. These 
strategies have similarly been used to improve 
the performance of one-dimensional (1D) nano- 
wire and nanotube, 2D graphene, and organic 
semiconductor thin-film FETs (76-79). 

The interface between metal source and drain 
electrodes and a semiconductor QD solid often 
introduces energetic barriers to charge injection 
(Fig. 4A) because metal electrodes create inter- 
face states that give rise to Fermi-level pinning. 
In weakly coupled QD solids, the high resistance of 
the channel layer dominates device performance. 
However, in the high-mobility, high-conductivity, 
strongly coupled QD solids of interest for elec- 
tronics, complete or partial Fermi-level pinning 
may create more highly resistive electrical con- 
tacts, limiting charge injection and therefore con- 
trolling and ultimately determining FET polarity, 
mobility, and current level (80). As in the case of 
bulk semiconductor crystals, heavily doping the 
contact region by depositing a metal that also 
serves to dope the QD solid (66) provides a route 
to create Ohmic contacts. 

The QD surface has been identified as a major 
culprit responsible for substantial device hyster- 
esis; bias-stress instability, the degradation in 
device current under bias over time (87); and 
noise, the instantaneous fluctuations in the cur- 
rent (82, 83). Infiltration and encapsulation of 
the FET QD thin-film solid with metal oxides 
grown by means of atomic layer deposition has 
been shown to reduce these instabilities (32, 83). 
Continued advances and insight into the chem- 
ical species responsible for these instabilities will 
allow for a more targeted materials design to 
improve FET performance and therefore circuit 
operation. 

To date, high-mobility colloidal QD FETs have 
been fabricated from II-VI, II-V, or IV-VI semi- 
conductors. QD FETs from wider band gap II-VI 
and III-V semiconductors show high current mod- 
ulation; however, only n-type FETs have been 
realized (65, 66, 84, 85). In contrast, FETs from 
narrower bandgap IV-VI QDs show low current 
modulation yet can be doped n-type or p-type 
(48). Engineering the device interfaces (metal/ 
semiconductor and semiconductor/gate dielectric) 
and metal oxide encapsulation has yielded low 
hysteresis and subthreshold swing and reduced 
bias stress and noise. These high-performance 
metrics of QD FETs are required to realize their 
operation, stability, and gain/speed in analog and 
digital circuits. These QD FETs were used as the 
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building blocks of integrated circuits, in which 
many transistors are connected on-chip (86, 87). 
Multiple components of the FET device (semi- 
conductor channel, metallic source and drain 
electrodes, and gate dielectric layer) can be con- 
structed from colloidal nanoparticles, promising 
solution-phase circuit fabrication (6). 

n-type II-VI QD FETs have been integrated 
to demonstrate all n-type circuits, referred to 
as NMOS (n-type metal oxide semiconductor) 
electronics, adopting the naming from conven- 
tional Si devices (Fig. 4B). These circuits include 
analog and digital topologies, namely inverters, 
negative-AND (NAND) and NOR logic gates, and 
ring oscillators for voltage amplification and 
switching (87). Methods to repair the QD surface 
after exposure to air and solvents have allowed 
QD circuit fabrication by using conventional 
clean room techniques (88). These techniques 
enable devices to be scaled down in dimension 
and scaled up in area so as to realize higher- 
bandwidth analog and higher-speed digital, large- 
area, QD integrated circuits. The low-temperature, 
solution processability of QD integrated circuits is 
compatible with fabrication of flexible circuitry, 
and their performance rivals that of other solution- 
processable semiconductors explored for flexible 
electronic devices. For example, solution-processable 
and flexible colloidal QD circuits show the high- 
est switching speed at low voltages in comparison 
with solution-processable organic semiconductor 
(89, 90), carbon nanotube array (97), and sol-gel 
metal oxide circuits (Fig. 4C) (92). 

The demonstration of high-mobility QD-based 
semiconductors and further device scaling opens 
routes to continue to increase the speed of QD 
circuitry. However, NMOS circuitry is relatively 
limited in gain and speed and also has higher 
power dissipation than that of CMOS (comple- 
mentary MOS) electronics constructed from a 
combination of n-type and p-type FETs. CMOS 
circuits—namely, two transistor inverters—have 
been fabricated from IV-VI QDs and show switch- 
ing and higher gain (80, 93), but these circuits are 
fundamentally limited by the narrow band gap of 
IV-VI QDs and therefore low current modulation. 
Design of high-mobility, high-current-modulation, 
and stable p-type QD FETs is needed to realize 
higher gain/higher speed CMOS QD circuitry. As 
an alternative, printable CMOS circuits can be 
constructed by combining n-type QDs with p- 
type organic electronic materials. 


QD photoconductors 


Absorption of photons may be used to control 
the conductivity of a QD solid, enabling appli- 
cation of these materials for light detection. The 
first generation of QD light detectors focused on 
photoconduction (94)—a light-sensing paradigm 
offering the advantage of signal amplification— 
and also leveraging rather than being limited by 
trap states, known in the photoconductor context 
as sensitizing centers (Fig. 5A). In the presence of 
such centers, photogeneration of an electron-hole 
pair is followed by capture of one carrier (we use 
electrons for illustration), whereas holes remain 
substantially free to travel. Symmetric contacting 
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(Fig. 5A) can be used in this unipolar device. 
Photoholes are recirculated, and their photo- 
current flows in proportion to their lifetime 
ratioed to their transit time. Photoconductive 
gain as large as 10° to 10° is possible as a result, 
and electron trapping—such as that enhanced 
by Auger-assisted ionization after multiple exciton 
generation (Fig. 2) (95)—favors the generation of 
additional signal. 

The extended lifetimes of trapped photocarriers 
can be controlled via the QD surface chemistry, 
and early identification of surface oxides and 
sulfates was aided by studies that correlated QD 
surface composition with device response speed 
(96). Dark current is amplified via the same mech- 
anism as that which provides photoconductive 
gain to photocharges, so within the classic re- 
sistive photoconductor, the ratio of light to dark 
current is increased only by minimizing dark 
free carrier density (97). The dark current has a 
lower bound defined by the intrinsic carrier 
density, and therefore photoconductors charac- 
teristically have undesirably high dark current 
density. Photodetectors based on QDs exploit 
tuning of the band-edge to a suitably chosen 
spectral cutoff energy, enabling dark current 
minimization for a given desired spectral response. 
Researchers have further overcome this limitation 
using gain-providing photo-field-effect transistors 
(98). The transistor introduces a threshold, so that 
turn-on occurs only after a certain photocarrier 
density (hence light level) is exceeded. 
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QD photodiodes and photovoltaics 
QD photodiodes have been explored more re- 
cently in order to increase device speed and 
sensitivity, and QD photovoltaic devices (Fig. 
5C) are of interest so as to harvest and convert 
solar energy and waste heat into electricity and, 
potentially, stored fuel (99). Compared with tradi- 
tional silicon devices and organic semiconductors, 
QD solids are particularly suitable for efficiently 
capturing and detecting infrared photons, both 
in near- and mid-infrared regions (00, 101). 
Photodetectors and solar energy-harvesting 
devices should ideally achieve complete absorp- 
tion above their band edge; as a result, they re- 
quire thicknesses [or, when aided by photonic, 
plasmonic, or bulk heterojunction (102) tech- 
niques, an effective optical thicknesses] on the 
order of o', where o is the absorption per unit 
length near the band edge. In QD solids, this is 
often assessed at the first excitonic peak, and 
the value of 0”! is ~ 500 to 1000 nm. Densifying 
the QD solid, first with high QD packing, is of 
interest, in order to increase the oscillator strength 
of absorbers, enhance the effective index of the 
medium, and maximize carrier capture. Super- 
lattices achieve the highest packing, although the 
gap between random close packing (64%) and 
hexagonal/face-centered cubic close packing (74%) 
is not vast. Embedding dots in a high-index di- 
electric medium is of great interest, either via 
ligand design, the merging of shells, or epitaxial 
matrix growth (33). 


Fig. 5. QD optoelectronic devices. (A) Photoconductors, unipolar devices that include sensitizing 
centers to postpone recombination of one carrier class (electrons in the figure) while allowing the other 
carrier (holes in the figure) to flow. (B) Photodiodes that leverage the application of a voltage bias so as 
to achieve carrier separation and extraction. (C) Photovoltaics that must develop a photovoltage and rely 
on carrier diffusion, as well as on the use of selective contacts (an electron-accepting hole-blocker, and a 
hole-accepting electron blocker). (D) Light-emitting devices exploiting type-| heterojunctions. 
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Extracting photocarriers by using the built- 
in field in a photodiode (Fig. 5B, drift region) 
provides a ready path to achieving efficient photo- 
current generation; when excited-state lifetimes 
are a typical ~100 ns, a built-in or applied poten- 
tial on the order of 1 V can achieve a drift-based 
extraction time comparable with the excited life- 
time when the lower of the electron or hole mo- 
bility exceeds 2 x 10°? cm?/Vs. Relative to the 
spectacular progress in QD FET mobilities, this 
is a modest requirement. QD photodetectors now 
reach bandwidths exceeding the megahertz fre- 
quencies (100); further progress into the giga- 
hertz regime (relevant to centimeter-resolved 
time-of-flight sensing) will require mobilities ex- 
ceeding 1 cm?/Vs found in the strongly coupled 
QD solids. 

In photodiodes, a reverse bias can be applied 
to supplement the built-in potential, and high 
internal quantum efficiency can be sustained 
even over thick active layers. A requirement of 
substantial applied potential does imply poor 
carrier diffusion in quasi-neutral material, and 
this may be a symptom of a high density of 
recombination-producing electronic trap states. 
In photodiodes, this does come with a dis- 
advantage: States within the gap contribute to 
dark current generation, shrinking the effective 
band gap and enhancing thermal current gener- 
ation. To produce photodiodes for highly sensi- 
tive detectors, it is desirable to satisfy the stringent 
conditions required of photovoltaic devices. 

Solar cells must operate efficiently when trans- 
ferring electric power to a load. This requires 
achieving high photocurrents while operating 
near the open-circuit (oc), hence flatband, con- 
dition (Fig. 5C). In the limit of approaching V,,, 
at which point only recombination occurs, the 
separation of the quasi-Fermi levels in the active 
medium (which in turn provides an upper-bound 
on qV,-) is desirably maximized. The requirements 
on efficient electroluminescent and photovoltaic 
devices are in fact one and the same: A maximal 
radiative efficiency is required of each (103). 

From this perspective, QD solids have con- 
siderable room to improve. A first loss of V,. 
comes from the Stokes shift that is inherent to 
individual QDs, which arises from the excitonic 
fine structure owing to the manifold of closely 
spaced optical transitions associated with the 
quasi-degenerate band edge states (104-107). 
Once QD films are formed, excitons and sep- 
arated electron-hole pairs migrate among QDs 
and are funneled to the lowest-lying states in 
an inhomogeneously broadened ensemble. Light- 
emitting species present in QD solids—arising 
from QD aggregates or incorporated organic 
impurities—can potentially have a smaller photon 
emission energy and are capable in principle of ad- 
ditional undesired energy down-conversion (J08). 

Deep traps function as efficient recombination 
centers, impeding the generation of photocurrent 
in photovoltaic devices. It was recently found that 
present-day diffusion lengths in QD solids on the 
order of 100 nm can be accounted for by the one- 
part-per-10,000 density of deep trap recombina- 
tion centers introduced by approximately one 
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5-nm, highly recombinative QD in a 100-nm cube 
of aQD solid (109). At present-day diffusion length 
values, increasing mobilities above 10° cm?/Vs 
does not further benefit diffusion length because 
faster motion of carriers only leads to more effi- 
cient capture to traps (lifetime decreases as mo- 
bility increases). Carrier mobilities of 10-? cm?/Vs 
along with one-part-per-1000 deep trap state 
densities explain the best certified QD photo- 
voltaic device power conversion efficiency (PCE) 
of 10.6% (11). 

In order to approach the ultimate limit of 
solar cell performance by using QDs, the QD 
solid requires at least one of (i) minority carrier 
diffusion lengths exceeding the band-edge absorp- 
tion length of ~ 1 um; (ii) substantial densification 
of the QD solid to appreciably reduce the ab- 
sorption length experienced by light near the 
band edge; or (iii) advanced photonic strategies 
to increase light absorption in an active medium 
having a single-pass absorbance. More modest 
progress along a few of these fronts would be 
sufficient to achieve substantial progress. The 
grand goal of a ~1 um diffusion length should 
rely on part-per-10-million and lower deep trap 
state densities. This would entail QDs substan- 
tially free of bulk impurities, dislocations, and 
surface states, which lead to efficient recombi- 
nation of excited photocarriers, and would rely 
on maintaining band gap integrity through avoid- 
ance of local aggregation and substantial loss of 
quantum confinement (0). 

QDs-in-matrix (33, 60) show promise, provid- 
ing for the combination of increased dielectric 
constant for high absorption, epitaxial surface 
passivation for low-trap-state densities, and a 
smooth dielectric environment, which all work 
together in favor of increased minority carrier 
diffusion length and therefore solar cell efficiency. 


QD electroluminescent devices 


Light-emitting devices (Fig. 5D) based on QDs 
are of interest for displays in view of their spec- 
trally narrow emission and size tunability, per- 
mitting a wide color gamut to be spanned. QDs 
also offer a qualitative benefit over organic and 
polymer materials because the emission of QD 
solids can extend into the near-infrared (NIR). 
This is of current interest for active illumina- 
tion for gesture-recognition because the use of 
NIR light is invisible to the user and hence less 
intrusive than active visible-wavelength illumi- 
nation. Many machine vision applications rely 
on active illumination of scenes by using struc- 
tured light, ideally in the NIR. 

External quantum efficiency (EQE) is a pri- 
mary performance metric; it is the rate of emis- 
sion into the final medium (such as free space) of 
photons, divided by the rate of injection of cur- 
rent expressed in electrons. Brightness translates 
into meeting a particular current density while 
keeping voltage efficiency high and ranges from 
milliamperes per square centimeter for displays 
and lighting to kiloamperes per square centimeter 
to enable lasing. An immediate first requirement 
for high EQE is high radiative efficiency within 
the QD active layer. Recent synthetic advances 
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have produced excellent quantum yields (QYs) 
exceeding 97% in solution (111). Translating this 
into high luminescence efficiency in solid-state 
materials is an absolute requirement. The use of 
thick type I shells can keep the electron and hole 
wavefunction confined to the core, decreasing 
dependence on outer surface passivation; never- 
theless, to achieve very high QYs a passivating 
ligand remains generally required. QDs in solids 
optimized for electroluminescent applications 
are therefore weakly interacting; exciton localiza- 
tion and efficient emission relative to nonradia- 
tive recombination outweigh the importance of 
carrier delocalization for transport. When high 
brightness is required, nonradiative processes 
such as the Auger process that arises under 
high-level injection conditions (Fig. 2A) must 
be forestalled—a topic of intense investigation in 
the QD synthesis community based on thick, 
graded, and type II shells (112-174). 

The combination of the shells and ligands on 
the QD cores reduces carrier transport. Electro- 
luminescent devices are fortunately not reliant 
on the very high electron and hole mobilities 
demanded of FETs. An effective QD electro- 
luminescent device can be made on the basis of 
a single, light-emitting, QD monolayer and QD 
excitation via energy transfer of excitons or 
charge injection over only a few tens of nano- 
meters in distance to form electron-hole pairs. 
Here, effective carrier injection and, crucially, 
effective blocking of carrier overflow are required. 
An electron-injection layer (Fig. 5D) is used to 
efficiently inject electrons into the light-emitting 
solid and block the egress of holes; the analogous 
qualities are desired of the hole injection layer. 
Translating quantitatively, very limited carrier mo- 
bilities of 10° cm?/Vs (compatible with nanometer- 
thick shells and nanometer-long ligands) are 
adequate for tens of milliamperes per square 
centimeter of current to be injected into a QD- 
emitting monolayer at the modest price incurred 
in resistive overpotential (<0.1 V). 

The result has been a rapid rate of progress 
in QD electroluminescent devices, reviewed else- 
where (69), leading to a recent 20.5% record EQE 
(115). Further frontiers for QD devices include 
increasing light extraction efficiencies via pho- 
tonic and plasmonic structures, as has been 
achieved in organic LEDs (776), and exploiting 
QD matrix engineering for refractive index con- 
trol so as to maximize light extraction. A further 
goal is to take QD electroluminescent devices 
beyond applications in displays and into the 
realm of lighting, projection, and lasing. 


Summary and outlook 


Unlike traditional bulk semiconductors whose 
electronic structure is locked in by their bond- 
ing at the atomic scale, semiconductor QDs in- 
troduce a new materials class from which to 
design solid-state electronic materials. Their prop- 
erties may be rationally engineered in a one-at-a- 
time fashion by optimizing the largely independent 
degrees of freedom prized in individual QD 
building blocks and by engineering their surface 
chemistry to control the communication between 
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them. The chemical and physical properties of QD 

solids are being exploited in the low-cost, large- 

area, solution-based fabrication of QD electronic 

circuitry and optoelectronic light-emission, -sensing, 

and -harvesting devices and are now breaking 

through to find their introduction in technology. 

The large-area surface of QDs and the many 

interconnections between QDs in solids present 

opportunities as well as a challenges. The dom- 

inant role of the surface and the wide range of 

materials chemistries that can be installed at the 

surface require continued advances in synthetic 

methods and their feedback with experimental 

probes and simulation to control the flow of 

charge, energy, and heat for specific device ap- 

plications. In devices, the QD surface must be 

married with other materials, introducing inter- 

faces that can govern device characteristics and 

performance. Engineering the interface between 

QD layers and other device components is in its 

infancy and promises to exploit new materials 

and methods in order to engineer the QD sur- 

face and optimize device performance. 
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Light-dependent chlorophyll f 
synthase is a highly divergent 
paralog of PsbA of photosystem II 


Ming-Yang Ho, Gaozhong Shen, Daniel P. Canniffe, Chi Zhao, Donald A. Bryant* 


INTRODUCTION: Terrestrial cyanobacteria 
often occur in environments that receive strongly 
filtered light because of shading by plants or 
because of their associations with soil crusts, 
benthic mat communities, or dense cyanobacterial 
blooms. The light in such environments becomes 
highly enriched in far-red light (FRL) (wave- 
lengths >700 nm). Cyanobacteria that are able 
to use FRL for photosynthesis have evolved a 
novel far-red light photoacclimation (FaRLiP) 
mechanism to gain a strong selective advan- 
tage over other cyanobacteria. The FaRLiP 
response involves extensive remodeling of pho- 


Chlorophyll a 


tosystems I and II (PSI and PSII) and light- 
harvesting phycobilisome complexes. FaRLiP 
cells synthesize chlorophyll f (Chl f), Chl d, 
and FRL-absorbing phycobiliproteins under 
these conditions and thus can use FRL efficient- 
ly for oxygenic photosynthesis. A key element 
of the FaRLiP response is the FRL-specific expres- 
sion of 17 genes that encode paralogs of core 
components of the three light-harvesting com- 
plexes produced during growth in white light. 


RATIONALE: The ability to synthesize Chl f 
is a key element of the FaRLiP response, but 


———~. 
Yz Chlorophyll f 


Structural model of ChIF homodimer based on PsbA of PSII. The PsbA4/ChIF homodimer 
polypeptides are shown as blue ribbon structures. Putative substrate chlorophyll (Chl) a molecules are 
shown in bright green at the bottom. Cofactors are Chl a (dark green), pheophytin a (pale green), 
plastoquinones (burgundy), B-carotenes (yellow), and tyrosine Yz7 (magenta). 
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the Chl f synthase had remained unknown. 
Transcription and phylogenetic profiling sug- 
gested that the gene(s) responsible for this 
activity were in the conserved FaRLiP gene 
cluster. This led us to focus on psbA4, a di- 
vergent member of the psbA gene family 
encoding so-called “super-rogue” PsbA, a 
paralog to the D1 core subunit of PSII. We 
used reverse genetics and heterologous ex- 
pression to identify the Chl f synthase of two 
cyanobacteria capable of FaRLiP: Chlorogloeopsis 
fritschit PCC 9212 and Synechococcus sp. 
PCC 7335. 


RESULTs: In both species, null mutants of 
psbA4 no longer synthesized Chl f and lacked 

FRL absorption and long- 
wavelength fluorescence 
Read the full article emission, the key spectro- 
at http://dx.doi. scopic properties associated 
org/10.1126/ with Chl f. Heterologous 
science.aaf9178 expression of the psbA4 
gene from C. fritschit PCC 
9212 in the model non-FaRLiP cyanobacterium 
Synechococcus sp. PCC 7002 led to the syn- 
thesis of Chl f. These results showed that psbA4 
(renamed cAlF) encodes the Chl f synthase. 
Growth experiments using intervals of FRL 
and darkness showed that Chl f synthesis is 
light-dependent, which implies that ChIF is a 
photo-oxidoreductase that oxidizes Chl a (or 
Chlide a) instead of water. 


CONCLUSION: ChlF may have evolved after 
gene duplication from PsbA of a water- 
oxidizing PSII complex by loss of the ligands 
for binding the Mn,Ca,O; cluster but by re- 
taining catalytically useful chlorophylls, tyro- 
sine Y7, and plastoquinone binding. Alternatively, 
PsbA may have arisen by gene duplication 
from ChIF and then by gaining the capacity 
to bind the Mn,Ca,O; cluster. Because ChIF 
seems likely to function as a simple homodimer 
and belongs to the earliest diverging clade of 
PsbA sequences in phylogenetic analyses, Chl f 
synthase may have been the antecedent of 
water-oxidizing PSII. This hypothesis provides 
a simple explanation for the occurrence of mul- 
tiple reaction centers in an ancestral cyanobac- 
terial cell. Thus, a Chl a photo-oxidoreductase 
that initially evolved for enhanced use of FRL 
may explain the origin of oxygen-evolving 
PSII. From an applied perspective, knowing 
the identity of ChIF may provide a tractable 
route for introducing the capacity for FRL 
use into crop plants, greatly expanding the 
wavelength range that they can use to con- 
duct photosynthesis. & 


The list of author affiliations is available in the full article online. 
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Chlorophyll f (Chl f) permits some cyanobacteria to expand the spectral range for 
photosynthesis by absorbing far-red light. We used reverse genetics and heterologous 
expression to identify the enzyme for Chl f synthesis. Null mutants of “super-rogue” psbA4 
genes, divergent paralogs of psbA genes encoding the D1 core subunit of photosystem Il, 
abolished Chl f synthesis in two cyanobacteria that grow in far-red light. Heterologous 
expression of the psbA4 gene, which we rename chiF, enables Chl f biosynthesis in 
Synechococcus sp. PCC 7002. Because the reaction requires light, Chl f synthase is probably a 
photo-oxidoreductase that employs catalytically useful Chl a molecules, tyrosine Yz, and 
plastoquinone (as does photosystem II) but lacks a Mn,Ca,Oz cluster. Introduction of Chl f 
biosynthesis into crop plants could expand their ability to use solar energy. 


errestrial cyanobacteria are an underappre- 

ciated component of global primary produc- 

tivity (GPP). About 55% of GPP is estimated 

to occur on land (J), and of the 45% of GPP 

that occurs in the oceans, oxygen-evolving 
Prochlorococcus and Synechococcus spp. are re- 
sponsible for ~50% of the total (2, 3). Given that 
the estimates for total marine and terrestrial 
cyanobacterial biomass are similar (4), terrestrial 
cyanobacteria could account for a substantial pro- 
portion of GPP and nitrogen fixation (4, 5). Terrestrial 
cyanobacteria often occur in environments that 
receive strongly filtered light because of shading 
by plants or because of their associations with soil 
crusts, benthic mat communities, or dense cyano- 
bacterial blooms (6). The light available in such 
environments becomes highly enriched in far- 
red light (FRL), specifically wavelengths greater 
than 700 nm (6). Therefore, cyanobacteria that 
are able to use FRL for photosynthesis gain a 
strong selective advantage over organisms that 
are unable to do so (6-8). 

Cyanobacteria that grow in FRL undergo an ex- 
tensive photoacclimation process known as far- 
red light photoacclimation (FaRLiP) (7). FaRLiP 
involves the FRL-dependent expression of a con- 
served cluster of 20 genes (fig. S1). Seventeen of 
these genes are paralogs of genes encoding core 
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subunits of photosynthetic complexes that are ex- 
pressed in white light (WL). The expression of the 
paralogous genes in FRL leads to extensive re- 
modeling of the cores of the major light-absorbing 
complexes of cyanobacteria: phycobilisomes (9), 
photosystem I (PSD (0), and PSII (6-8, 7). About 
10% of the chlorophyll a (Chl a) molecules are 
replaced by Chl f in the paralogous PSI and PSII 
complexes produced in FRL (7, 8), and allophy- 
cocyanin B variants absorbing beyond 700 nm 
are also synthesized during FaRLiP (7, 8, 12, 13). 
Together, these changes allow cells to make use 
of FRL for growth (7, 8). The FaRLiP gene cluster 
also contains three regulatory genes—r/fpA, rfpB, 
and rfpC—which form a signaling cascade that 
controls the expression of the FaRLiP genes (14). 
RfpA is a knotless red light (RL)/FRL-responsive 
phytochrome (RfpA) with a histidine kinase domain; 
RfpC is a small CheY-like response regulator that 
probably acts as a phosphate shuttle; and RfpB 
is a response regulator with a winged-helix DNA- 
binding domain and two CheY-like receiver do- 
mains (7, 14). Null mutants for any one of these 
three rfp genes cannot grow in FRL, cannot ex- 
press the genes in the FaRLiP gene cluster, and 
cannot synthesize Chl f (74). 

Chl f (i.e., 2-formyl Chl a) was only recently 
discovered (15-17) and is synthesized when cells 
capable of FaRLiP are grown in FRL (6-8, 18-20). 
Chl f absorbs maximally at ~707 nm in 100% 
methanol (2/1, 22), and it is presumably made 
by reaction(s) extending from Chl a or chloro- 
phyllide a, the immediate precursor of Chl a (Fig. 1) 
(7, 23). Chl f could possibly be introduced into 
crop plants to extend their light harvesting into the 
far red (700 to 800 nm) and thereby improve 
their photosynthetic light use efficiency (24-26). 
However, the enzyme(s) responsible for Chl f syn- 


thesis have not been identified, and the complexity 
of Chl f synthesis remains unknown. 


Identification of the gene encoding Chl f 
synthase by reverse genetics 


To identify the Chl f synthase, the enzyme re- 
sponsible for the synthesis of Chl f, we used 
reverse genetics in two cyanobacteria capable of 
FaRLiP—Chlorogloeopsis fritschii PCC 9212 and 
Synechococcus sp. PCC 7335—and heterologous 
gene expression in the model cyanobacterium 
Synechococcus sp. PCC 7002 (hereafter Synechococcus 
7002). Several observations led us to focus on psbA4, 
which encodes a so-called “super-rogue” paralog 
(sr-PsbA) of PsbA, the D1 core subunit of PSII (27). 
A sr-psbA4 gene is found in each FaRLiP gene 
cluster (fig. S1) (7, 8), and psbA4 expression is 
under the control of the RfpABC sensor kinase/ 
response regulator system (74). Transcription 
profiling of FaRLiP strains [e.g., (7, 14)] revealed 
striking increases in relative transcript abundance 
for hundreds of genes when cells were shifted from 
WL into FRL. However, phylogenetic profiling of 
~600 genes whose relative transcript abundances 
more than doubled in FRL in Leptolyngbya sp. 
JSC-1 (7)—including monooxygenases, oxidor- 
eductases, and other enzymes that might be logical 
candidates to be Chl f synthase—showed that only 
the genes of the FaRLiP cluster are universally 
present in cyanobacteria capable of performing 
FaRLiP. These observations strongly suggested 
that the gene(s) responsible for Chl f synthesis 
must be present in the FaRLiP gene cluster. sr- 
PsbA4 is predicted to be structurally similar to the 
PsbA core subunit of PSII reaction centers Fig. 2A, 
but sr-PsbA4: sequences collectively lack key res- 
idues required for binding the Mn,Ca,O; cluster 
for water oxidation (27, 28) (Fig. 2, B and C, and 
fig. S2). Additionally, sr-PsbA4 has some important 
differences in the vicinity of its putative plasto- 
quinone binding site (8, 27, 28) (fig. S2). However, 
sr-PsbA4 has retained tyrosine Yz, and the ligands 
for binding Chl a (Fig. 2 and fig. $2). The structural 
and functional changes imposed by the inability 
to bind the Mn,Ca,O; cluster strongly suggested 
that sr-PsbA4 has a function other than being a 
core subunit of PSII. 

Using a conjugation-based DNA transfer system 
(14), we constructed null mutants for psbA4 genes 
in two cyanobacteria capable of FaRLiP (8): C. 
fritschii PCC 9212 and Synechococcus sp. PCC 
7335 (fig. S3). Neither psbA4 mutant was able to 
synthesize Chl f when the mutant cells were 
grown in FRL. The characteristic long-wavelength 
absorption at ~’710 nm (Fig. 3A) and fluorescence 
emission at ~740 to 750 nm (Fig. 3B) associated 
with PS complexes containing Chl f was complete- 
ly missing for the two psbA4 mutants (Fig. 3, C 
and D, and fig. S4D). High-performance liquid 
chromatography (HPLC) analyses of pigments 
extracted from cells of the psbA4 null mutants 
grown in FRL confirmed the absence of Chl f and 
showed that only Chl a and Chl d were synthesized 
(Fig. 4 and fig. S5). Reverse transcription polym- 
erase chain reaction (RT-PCR) analyses showed 
that this was not due to a loss of transcriptional 
control by RfpABC. Transcripts of selected FaRLiP 
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genes exhibited normal RL/FRL-dependent regu- 
lation (Fig. 5). PsaA2 and PsaB2 were detected at 
low levels in PSI trimers isolated from cells of the 
psbA4 mutant of C. fritschii PCC 9212 grown in 
FRL by proteomic analysis (table S1). In the ab- 
sence of Chl fin the psbA4 mutant, it seems that 
FaRLiP subunits accumulate to much lower levels 
than in wild-type cells grown in FRL (table S1). 


Heterologous expression of the 
sr-psbA4 gene in Synechococcus 7002 


To ascertain directly whether sr-PsbA4 is the Chl 
f synthase, we expressed the C. fritschii PCC 9212 
psbA4 gene heterologously under the control of 
the strong Synechocystis sp. PCC 6803 cpcBA pro- 
moter from plasmid pAQ1 in the model cyano- 
bacterium Synechococcus 7002 (29). Synechococcus 
7002 does not naturally synthesize Chl f and is 
unable to grow in FRL (7). Cells were grown at 
low irradiance in WL (15 umol photons m” s') 
at room temperature in hopes of minimizing sr- 
PsbA4 turnover and preventing photo-oxidation 
of any Chl f that might be formed, because no 
known Chl f-binding proteins are present in this 
heterologous system. Reversed-phase HPLC anal- 
ysis of pigments extracted from wild-type Syn- 
echococcus 7002 cells showed only Chl a, as expected 
(Fig. 6A). However, HPLC analysis showed that 
pigments extracted from the Synechococcus 7002 
strain expressing psbA4 contained both Chl a and 
Chl f (Fig. 6A and fig. S6). Although only a small 
amount of Chl f was produced (~0.059% of total 
Chl), this pigment had the same retention time as 
Chl f from cells of C. fritschti PCC 9212 grown in 
FRL (fig. S6). Moreover, the in-line absorption 
spectrum of the pigment from the Synechococ- 
cus 7002 strain expressing psbA4 was identical 
to those of Chl f from three FaRLiP strains (Fig. 6B). 
Finally, mass spectrometric analysis of the new 
pigment, after treatment with formic acid to pro- 
duce the corresponding pheophytin, confirmed 
that this pigment had the expected mass/charge 
ratios (m/z) of 885.4: IM+H]", 902.4: IM+NH,"J*, and 
907.4 [M+H]* for pheophytin f or Chl f, respectively 
(fig. S7). Thus, expression of the psbA4 gene is suf- 
ficient to direct the synthesis of Chl fin Synechococcus 
7002. Collectively, the results show that the psbA4 
gene encodes Chl f synthase, and accordingly, we 
propose to rename this gene ch/F. 


Light dependence of Chl f 
synthase reaction 


The discovery that a paralog of the D1 core subunit 
of PSII was responsible for Chl f synthesis was 
unexpected, because the implication was that this 
enzyme must be structurally and functionally 
related to core subunits of PSII. Interestingly, the 
oxidation of Chl a to Chl f (or Chlide a to Chlide f) 
is a four-electron oxidation, identical to the oxi- 
dation of water to produce dioxygen (30). We prop- 
ose that ChIF is a photo-oxidoreductase that uses 
light to oxidize Chl a (or Chlide a) to produce Chl f 
(or Chlide f) while reducing bound plastoquinone 
(Figs. 1 and 2). If this hypothesis is correct, Chl f 
synthesis should be minimal if cells are allowed to 
express ch/F but then shifted into darkness. To test 
this hypothesis, we grew wild-type Synechococcus 
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7002 cells expressing ch/F in a medium containing 
10 mM glycerol, a metabolizable carbon/energy 
source that supports heterotrophic growth (37), in 
continuous FRL, in continuous darkness, and in 
low-intensity WL (see materials and methods). 
There was a low level of Chl fin the cells at time 
zero (Fig. 7), and this level decreased slightly 
after 3 days in darkness, although the cells grew 
and their Chl a content increased. Similar amounts 
of Chl a were synthesized by cells grown for 3 days 
in continuous low-intensity WL or continuous 
FRL, and both synthesized identical amounts 
of Chl f (Fig. 7). The absorption spectrum of the 
pigment eluting at 14.5 min in Fig. 7 was identical 
to the spectra shown in Fig. 6B. (Note that 
retention times are different because an HPLC 
protocol was used that differed from that in Fig. 6A; 
see materials and methods for details.) 

We also performed an alternative experiment 
designed to test whether light is required for the 
synthesis of Chl f (Fig. 8). Wild-type C. fritschii 
PCC 9212 was grown in continuous FRL or FRL 
interrupted by a dark period of 12 hours. At time 
zero, C. fritschit PCC 9212 wild-type cells that 
had been grown in a medium containing 5 mM 
fructose, a metabolizable carbon/energy source, 
were inoculated into two cultures, which were 
transferred to FRL for 24 hours to induce the 
expression of the FaRLiP gene cluster. One of 
the cultures was left in continuous FRL (Fig. 8A); 
the other was placed in darkness for 12 hours and 
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then returned to FRL for another 12 hours (Fig. 
8B). The Chl f content of the control cells, which 
could be detected by the increasing 740-nm low- 
temperature fluorescence emission from Chl f, 
increased throughout the FRL incubation. In the 
other sample, Chl f synthesis stopped when cells 
were placed in darkness, but Chl f synthesis re- 
sumed when cells were returned to FRL (Fig. 8B). 

The data from both of these experimental 
approaches demonstrate that light is required 
for the synthesis of Chl f by ChlF/sr-PsbA4. Thus, 
we conclude that ChIF is a photo-oxidoreductase. 
Chl f synthase is the second light-dependent 
enzyme of Chl biosynthesis, the other being light- 
dependent protochlorophyllide oxidoreductase 
(POR) (32). 


Implications of Chl f synthase (ChIF) for 
evolution of water oxidation and PSII 


Within the context of PSII evolution, there are 
two ways to view the result that ChlF/PsbA4 is 
an enzyme that probably photo-oxidizes Chl a 
(or Chlide a) to produce Chl f (or Chlide f). In 
the first scenario, ChIF may have evolved from 
the PsbA (D1) subunit of a water-oxidizing PSII 
complex by loss of the ligands for binding the 
Mn,Ca,O; cluster but retention of catalytically 
useful chlorophylls, tyrosine Y7, and plastoquinone 
binding after gene duplication and divergence. 
Although this is certainly a reasonable possibility, 
phylogenetic analyses do not support this hypothesis 
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Fig. 1. Proposed biosynthetic pathways for Chl a, Chl d, and Chl f. The question marks indicate that the 
enzyme(s) that form Chl d from Chl a are not yet known, although this reaction pathway has been validated (50). 
ChIF converts either Chlide a or Chl a into Chlide f or Chl f. It is assumed that ChIG adds the esterifying alcohol, 
phytol, if Chlide f is formed as an intermediate. Upper left: In-line absorption spectra for Chl a, Chl d, and Chl f with 
Qy absorption maxima at 665, 696, and 705 nm, respectively. 
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(27, 28). An alternate possibility is perhaps more 
appealing: ChlF/PsbA4: could be ancestral to PsbA 
of PSII, and PsbA could have arisen by gene dup- 
lication and divergence to bind a Mn,Ca,O; cluster 
to catalyze water oxidation, thus providing an 
explanation for the origin of PSII (fig. S8) (28). 
Because the selection pressure to expand the wave- 
length range of photosynthesis is largely respon- 
sible for the many different Chls and antenna 
complexes extant today, this scheme provides an 
explanation for the origin of ChIF, for the re- 
action that it catalyzes, and for the occurrence of 
a presumably homodimeric type-2 reaction center 
in an ancestral cyanobacterium that may also 
have had a PSI-like reaction center (33, 34). 
Supporting this second possibility further, phylo- 
genetic analyses show that ChIF/sr-PsbA, together 
with a highly unusual PsbA-like sequence from 
Gloeobacter kilaueensis, are the earliest diverging 
members of the PsbA family (fig. S8) (8, 27, 28). 
We hypothesize that ChlF functions as a homo- 
dimer, because introduction of psbA4/chiF into 
Synechococcus 7002 was sufficient to enable Chl f 
synthesis. All currently known photochemical re- 
action centers are either homodimers or hetero- 


dimers (33, 34). Furthermore, because ChIF is 


Fig. 2. Structural model of photosystem II core 
components from Thermosynechococcus vulcanus 
(PDB 3WU2). (A) PsbA (chain A) is shown in rib- 
bon format in tan. Other components: green, three 
Chl a molecules and one pheophytin a molecule; 
teal, plastoquinone Qz; orange, non-heme iron atom; 
magenta, tyrosine Yz; yellow, B-carotene:; lilac, green, 
and red, the water-oxidizing Mn4Ca;Os cluster; aqua, 
amino acid side chain ligands to the Mn4Ca,Os 
cluster; blue, second-tier amino acids in the vicinity 
of the cluster. (B) Enlargement of the Mn,Ca,Os 
cluster that shows a histidine residue (pink) that 
may be involved in proton-coupled electron transfer 
in PSII. Components of the cluster: lilac, manganese 
atoms; green, calcium atom; red, bridging oxygen 
atoms; aqua, ligands to the Mn4CajOs cluster. 
(C) Model of the sr-PsbA4 Mn,CajOs cluster-binding 
site of C. fritschii PCC 9212. Only one ligand, a glu- 
tamate residue (aqua), and the C-terminal carboxyl 
group ligands of a nonconserved threonine residue 
are retained. Amino acids that replace the conserved 


apparently a photo-oxidoreductase and oxidation 
of the substrate probably occurs by a radical 
mechanism [assuming a one-photon, one-electron 
mechanism as in PSII (30)], dioxygen may not be 
required for the synthesis of Chl f. Thus, it is 
possible that Chl f synthase appeared before the 
atmosphere became oxic (i.e., before PSII had 
evolved). These implications could mean that 
ChIF is a long-sought transitional intermediate 
in the evolution of oxygenic photosynthesis: a 
simple, homodimeric, type 2 reaction center that 
might have first evolved in anoxygenic ancestors 
of modern cyanobacteria (fig. S8) (28, 34, 35). Sub- 
sequent gene duplication events [two are required 
to form the heterodimers found in PSII (35)], 
along with divergence to acquire the ligands to 
bind the Mn,Ca,O; cluster, could have ultimately 
led from an enzyme that could oxidize Chl (or 
Chlide) to an enzyme that could oxidize water. 
In either case, the likely selective pressure for 
the synthesis of Chl f would have been to extend 
photosynthetic light harvesting into the far-red 
spectral region. The ability to use FRL or near- 
infrared light for photosynthesis provides a strong 
selective advantage to those organisms that can 
extend their light-harvesting range beyond the 


wavelengths absorbed by Chl a (7). Examples 
include the homodimeric type 1 reaction centers 
of Chloracidobacterium thermophilum (36) and 
green sulfur bacteria (37), both of which bind Chl 
a and bacteriochlorophyll a (BChl a). Similarly, 
the unusual cyanobacterium Acaryochloris marina 
has evolved to use Chl d, another FRL-absorbing 
Chl (see Fig. 1), together with Chl a to extend its 
photosynthetic light harvesting into the far-red 
region (38, 39). It is increasingly clear that Chlide 
ais the central “hub” compound of Chl biosynthesis, 
and that the biosynthetic pathway repeatedly di- 
verged away from this molecule (or from one of 
its precursors, 3,8-divinyl-protochlorophyllide) to 
extend light harvesting into the far red and near- 
infrared (23, 40). These findings additionally pro- 
vide strong support for the Granick hypothesis 
concerning the evolution of heme and Chl biosyn- 
thesis, namely that pathways evolved forward as 
organisms evolved [see discussion in (40)]. 

By using domain-swapping and site-directed 
mutagenesis methods, it may be possible to 
recapitulate evolution to determine which amino 
acid residues must be changed in PsbA to obtain 
a protein that no longer binds a Mn,,Ca,O; cluster 
but can synthesize Chl f (or more interestingly, the 


Non-heme Fe 


Mn.Ca,O; 


ligands to the Mn4Ca,Os cluster are shown in orange. These include a second tyrosine residue found in 7 of 13 PsbA4 sequences. Note that tyrosine Yz and the 
associated histidine residue (magenta and pink, respectively) are conserved. The color coding used in this figure matches that in the multiple sequence alignment 


file shown in fig. S2. Images were created with the UCSF Chimera program (51); resid 


Dunbrack backbone-dependent rotamer library (52). 
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Fig. 3. The psbA4 mutant of C. fritschii PCC 9212 lacks far-red absorbance and fluorescence emission. (A to D) Whole-cell absorption spectra [(A) and 
(C)] and low-temperature fluorescence emission spectra [(B) and (D)] of wild-type [(A) and (B)] and psbA4 mutant cells [(C) and (D)] of C. fritschii PCC 9212 
grown in WL (solid lines) or FRL (dashed lines). The arrows in (A) and (B) point to long-wavelength absorption and fluorescence features attributable to Chl f. 
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converse). Such approaches could provide an 
experimental framework for studying the origins 
of PSII, water oxidation, and thus oxygenic photo- 
synthesis. Finally, because Chl f biosynthesis is 
the product of a single gene product, it may now 
be feasible to introduce the capacity for Chl f bio- 
synthesis into plants to extend the wavelength 
range for their photosynthesis into the far-red 
region of the solar spectrum (24-26). 


Materials and methods 
Organisms and cultivation conditions 


Cyanobacterial strains used in this study were 
obtained from the Pasteur Culture Collection 
(www.pasteur.fr/pcc_cyanobacteria) (41). Syne- 
chococcus 7002 was grown in medium A con- 
taining 10 mM nitrate (denoted as Medium A*) 
(42). This cyanobacterium was routinely grown 
under “standard conditions” (43): 38°C, sparging 
with 1% CO, (v/v) in air, at 250 umol photons 
ms’ provided by cool white fluorescent tubes. 
For some experiments, cells were grown at room 
temperature at an irradiance of ~15 umol photons 
m’st. 

Synechococcus sp. PCC 7335 was cultured in 
ASN-III growth medium (47) to which vitamin 
B,» (final concentration 10 ug ml’) and Tris- 
HCl, pH 8.0 (final concentration 10 mM) were 
added. C. fritschii PCC 9212 was grown in the 
B-HEPES growth medium (44), a modified BG-11 
medium containing 1.1 g liter’ HEPES (final con- 
centration) with the pH adjusted to 8.0 with 2.0 M 
KOH. Cool white fluorescent bulbs provided 
continuous illumination at ~250 umol photons 
m” s? (WL), and liquid cultures were sparged 
with 1% (v/v) CO, in air. Synechococcus sp. PCC 
7335 was grown at a lower WL intensity of 
~50 umol photons m™ s‘. In some experiments, 
C. fritschit PCC 9212 was grown mixotrophically 
by adding 5 mM fructose to the growth media. Far- 
red light was provided by Epitex, L720-06AU 
LEDs (Marubeni, Santa Clara, CA) with emission 
centered at 720 nm (26 to 30 pmol photons m™ s“), 
in combination with plastic filters as described 
(7, 14). Light boards composed of 50 LEDs were 
assembled. Although all should nominally emit 
“720 nm” light, the peak emission ranges from 
705 nm to 735 nm. Furthermore, the bandwidth 
characteristics for these LEDs is such that light 
from 660 nm to 760 nm is actually produced (see 
wwwepitex.com/products/Ipm/pdfs/L720-06AU pdb). 
Growth of cells was monitored turbidometrically 
at 750 nm by using a GENESYS 10 spectro- 
photometer (ThermoSpectronic, Rochester, NY). 

Media for the growth of mutants of C. fritschii 
PCC 9212 and Synechococcus sp. PCC 7335 and 
the psbA4 overexpression strain of Synechococcus 
7002 were amended with antibiotics as required: 
kanamycin (100 pg ml”), erythromycin (20 ug ml, 
gentamicin (50 pg ml”). 


Cultivation conditions to demonstrate 
the light requirement for Chl f synthase 


To assess the requirement for light for Chl f bio- 
synthesis in a strain of Synechococcus 7002 ex- 
pressing chlF/psbA4 from C. fritschii, a starter 
culture was grown in high light for 24 hours in 
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medium A* containing 10 mM glycerol. This 
starter culture was used to inoculate duplicate 
cultures that were grown in the same medium 
under continuous FRL (28 uM photons ms), 
low WL (15 uM photons m~” s2), and continu- 
ous darkness. The data shown in Fig. 7 indicate 
that only cells maintained in FRL or low-intensity 
WL could synthesize Chl f. However, cells grew 
under all three conditions. The ODz39 ym of the 
culture grown in darkness increased ~30%, but 
the ODz39 ym Of cells grown in continuous FRL 
increased ~90% and that for cells grown in con- 
tinuous WL ~60%. Importantly, the Chl a content 
of cells grown in darkness also increased during 
incubation in the dark, showing that these cells 
were capable of synthesizing Chl a but not Chl f 
(Fig. 7). 

In a second experiment to test the requirement 
for light for Chl f biosynthesis, the wild-type 
strain of C. fritschit PCC 9212 was grown in con- 
tinuous or interrupted FRL (Fig. 8). At time zero, 
wild-type cells grown in WL in a medium con- 
taining 5 mM fructose, which supports heterotrophic 
growth of C. fritschii PCC 9212 (41), were ino- 
culated into two cultures, which were transferred 
to FRL for 24 hours. One of the cultures was left 
in continuous FRL (Fig. 8A), while the other was 
placed in darkness for 12 hours and then returned 
to FRL for another 12 hours (Fig. 8B). The control 
cells incubated in continuous FRL continuously 
synthesized Chl f, which could be detected by the 
increasing 740-nm fluorescence emission maxi- 
mum from Chl f. Over the 48-hour duration of the 
experiment, the cell density under each growth 
condition increased by about 25%. Chl f synthesis 
stopped when cells were placed in darkness, but 
Chl f synthesis resumed when cells were returned 
to FRL (Fig. 8B). This experiment was repeated 
twice with essentially identical results for both 
trials. This experiment confirms that Chl f synthase 
requires light for its activity. 


Construction of mutants 
and conjugation 


J. Zhao (Peking University) provided the biparental 
conjugation system (45), and the method used 
was very similar to that described in (74). The 
donor E. coli strain HB101 contained the conjugal 
plasmid pRL443 and the helper plasmid pRL623 
(46, 47). Figure S3 shows maps of the scheme 
employed to delete the psbA4 genes of C. fritschii 
PCC 9212 and Synechococcus sp. PCC 7335. The 
psbA4 gene of C. fritschii was deleted and re- 
placed by an ermC cassette conferring resist- 
ance to erythromycin, while the psbA4 gene of 
Synechococcus sp. PCC 7335 was partly deleted and 
replaced by an aphl cassette, conferring resistance 
to kanamycin. Upstream and downstream DNA 
fragments for each target psbA4 gene were cloned 
into the cargo plasmid pRL277 with an interposing 
DNA fragment encoding ermC or aphiI to replace 
the target gene through a double-crossover re- 
combination event. For each target gene, upstream 
and downstream DNA fragments with a size of 
~2.5 to 3.0 kb were amplified by PCR using Phusion 
HF DNA polymerase (New England Biolabs). The 
primers for DNA fragment amplification of the 


upstream and downstream regions are listed 
in table S2. 

Cargo plasmids were transformed into the donor 
E. coli HB101 cells containing the conjugal plasmid 
pRL443 and the helper plasmid pRL623. The 
resulting E. coli HB101 strains were grown in 5 
to 20 ml of Luria-Bertani (LB) medium supplemented 
with appropriate antibiotics and cultured at 37°C 
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Fig. 4. The psbA4 mutant of C. fritschii PCC 
9212 is unable to synthesize Chl f but still pro- 
duces Chl d and Chl a. The figure shows the elution 
profiles from reversed-phase HPLC analysis using 
method MY1 (see materials and methods) of pig- 
ment extracts from wild-type and psbA4 mutant cells 
of C. fritschii PCC 9212 grown in WL or FRL. Note that 
Chl f is present in the wild-type pigments extracted 
from cells grown in FRL but not in psbA4 mutant cells. 
The peak labeled “Chl a-like” had the absorption spec- 
trum of Chl a but its retention time was different. 
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Fig. 5. Transcriptional regulation by the RfpABC 
system is not impaired in the psbA4 mutant of 
C. fritschii PCC 9212. The figure shows electropho- 
retic analysis of amplicons derived from RT-PCR anal- 
ysis of transcripts for selected genes from the FaRLiP 
gene cluster (psaA2, psaB2, psbA3, psbA4, apcE2, 
and rfpA) from wild-type and psbA4 mutant cells 
of C. fritschii PCC 9212 grown in WL or FRL. Para- 
logous genes from elsewhere in the genome are 
more highly expressed in WL (psaA1, cpcB). Note 
that no psbA4 transcripts are observed in the psbA4 
mutant grown in FRL. 
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overnight. The E. coli cells were harvested by cen- 
trifugation at low speed, washed with fresh LB 
medium three times, and resuspended in fresh 
LB, B-HEPES medium, or ASN-ITI medium (100 
to 200 ul). Meanwhile, freshly grown wild-type 
C. fritschit 9212 or Synechococcus sp. PCC 7335 
cells (ODz50 nm = 0.6 to 1.0; 500 ul to 2.0 ml) 
were centrifuged at low speed, washed with 
fresh B-HEPES or ASN-III medium three times, 
and finally resuspended in B-HEPES or ASN-III 
medium (100 to 200 ul). The £. coli and cyano- 
bacterial cells were gently mixed in a sterile micro- 
centrifuge tube and incubated at 30°C under low 
light for 4 to 6 hours, and the cell mixture was 
then spread onto a sterile nitrocellulose filter 
overlaid on a B-HEPES or ASN-III agar plate 
without antibiotics. The plate was incubated at 
30°C under low light for another 18 to 36 hours, 
and then the filter was transferred to a B-HEPES 
agar plate containing 20 ug erythromycin ml’ or 


an ASN-III agar plate containing 100 ug kanamycin 
ml‘. Brown- or green-colored colonies appeared on 
the filter after about 4 weeks. Colonies were picked 
and streaked repeatedly on selective medium, 
and the purified transconjugant cells were ulti- 
mately transferred to liquid B-HEPES or ASN-III 
medium for analyses. Segregation of wild-type and 
mutant alleles of the target gene was analyzed 
by colony PCR. 


Pigment extraction, HPLC analyses, and 
mass spectrometry 


Two methods, denoted MY1 and MY2, were used 
for pigment extraction and HPLC analysis. Method 
MY1 was performed as previously described 
(7, 8, 14). Pigments were extracted with acetone/ 
methanol (7:2, v/v) from cells and analyzed by 
reversed-phase HPLC on an Agilent 1100 HPLC 
system (Agilent Technologies) with an analytical 
Discovery C18 column (4.6 mm x 25 cm) (Supelco, 
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Fig. 6. Synthesis of Chl f in a Synechococcus 7002 strain expressing the psbA4 gene of C. 
fritschii PCC 9212. (A) Reversed-phase HPLC elution profiles at 705 nm for pigments extracted 
from wild-type Synechococcus 7002 (7002 WT) and a strain expressing the psbA4 gene from C. fritschii 
PCC 9212 (7002::psbA4). The pigments were analyzed using method MY1 (see materials and methods). 
Chl f was 0.059% of the total Chl in the cells. (B) In-line absorption spectra of Chl f from a 
Synechococcus 7002 strain expressing the psbA4 gene from C. fritschii PCC 9212 (7002::psbA4). The 
absorption spectra of Chl f from C. fritschii PCC 9212 (9212), Synechococcus sp. PCC 7335 (7335), and 
Fischerella thermalis PCC 7521 (7521) were identical to that of Chl f from 7002::psbA4. Spectra were 
normalized to equal absorbance at 705 nm and were offset for clarity. 


Fig. 7. Chl f synthesis, but not Chl a 2.5 
synthesis, requires light in 
Synechococcus 7002 expressing 
PsbA4/ChIF. The figure shows elution 
profiles from reversed-phase HPLC anal- 
ysis pigments extracted from 
Synechococcus 7002 expressing 
chIF/psbA4 using method MY2 (see 
materials and methods for details). The 
elution positions for an unidentified Chl 
a-like pigment, Chl f, and Chl a are 
indicated. Cells were grown in WL for 
24 hours, which resulted in a basal level 
of Chl f synthesis (black line). These cells 0.0 
were used to inoculate cultures that were 10 15 20 25 
grown in medium A®* containing Retention time (min) 

10 mM glycerol as a carbon/energy 

source. Cells were grown in darkness (green line), low-intensity WL (red line), or FRL (blue line). Cells 
grown in darkness for 3 days had a lower Chl f content than cells at time zero. However, cells incubated 
in the dark grew and synthesized new Chl a (arrow). Cells grown in FRL (blue line) and low WL (red line) 
also grew and synthesized more Chl a than cells grown in the dark. However, only cells grown in con- 
tinuous FRL and low-intensity WL were able to synthesize Chl f (inset). This experiment was performed 
twice and identical results were obtained. 
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Sigma-Aldrich). The gradient elution program [B, 
minutes] using Solvent A (methanol:acetonitrile: 
H,O = 42:33:25) and Solvent B (methanol:ace- 
tonitrile:ethyl acetate = 50:20:30) was set as [30%, 
0], [100%, 50], (100%, 58], [30%, 60] at a flow rate 
1ml min. Elution of pigments was monitored at 
705 nm, the absorbance maximum of Chl f. 

Method MY2, adapted from Armenta et al. 
(48), was performed for both analytical and semi- 
preparative purposes. Pigments were extracted 
using a previously published method (49) and 
separated with the same HPLC system using an 
analytical Discovery C18 column described above 
or a semipreparative Discovery C18 column (10 mm x 
25 cm) (Supelco, Sigma-Aldrich). Solvents A and B 
were 88:10:2 methanol/ethyl acetate/H.O (v/v/v) 
and 48:50:2 methanol/ethyl acetate/H,O (v/v/v), 
respectively. After 10 min of washing with Solvent 
A, Chis were eluted with a linear gradient of 0% 
to 20% solvent B over 20 min, increasing to 100% 
to wash the column. The analytical program 
was performed at 1 ml min” and 3.5 ml min? 
for analytical and semipreparative purposes, 
respectively. 

Mass spectrometric analysis of chlorophyll pig- 
ments collected by semipreparative method MY2 
was performed on a Waters Q-TOF Premier 
quadrupole/time-of-flight (TOF) mass spectrometer 
[Waters Corporation (Micromass Ltd.), Manchester, 
UK]. Operation of the mass spectrometer was 
performed using MassLynx software Version 4.1 
(www.waters.com). Samples were introduced into 
the mass spectrometer using a Waters 2695 HPLC 
system. The samples were analyzed using flow 
injection analysis (FIA), in which the sample is 
injected into the mobile phase flow and passed 
directly into the mass spectrometer, where the 
analytes are ionized and detected. The mobile 
phase used was 90% acetonitrile (LC-MS grade) 
and 10% aqueous 0.1% formic acid. The flow 
rate was 0.15 ml min“. The nitrogen drying gas 
temperature was set to 300°C at a flow of 6 liters 
min’, and the capillary voltage was 2.8 kV. The 
mass spectrometer was set to scan from 100 to 
1000 m/z in positive ion mode, using electrospray 
ionization (ESI). The MS analysis of Chls and 
pheophytins was performed in the Proteomics 
and Mass Spectrometry Core Facility, Huck In- 
stitutes of the Life Sciences, Pennsylvania State 
University. 


Absorption and 
fluorescence spectroscopy 


Room-temperature absorption spectra were 
recorded with a GENESYS 10 spectrophotometer 
(ThermoFisher Scientific) or a Cary 14 UV-Vis- 
NIR spectrophotometer modified for computer- 
controlled operation by OLIS Inc. (Bogart, GA). 
Absorption spectra of whole cells of Synechococ- 
cus sp. PCC 7335 and mutants derived from it 
were recorded in growth medium ASN-III. The 
absorption spectra of C. fritschii PCC 9212 and 
mutant strains derived from it were recorded by 
homogenizing, resuspending, and diluting cells 
in B-HEPES medium with 60% w/v sucrose (1:10 
dilution). Before recording the absorption spectra, 
whole cells were homogenized as necessary, and 
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Fig. 8. Chl f synthesis in wild-type cells of C. fritschii PCC 9212 requires light. (A) A starter 
culture was grown in WL in a medium containing 5 mM fructose, and at time zero, these cells were 
used to inoculate two cultures in the same medium. One culture was grown in continuous FRL, and 
low-temperature fluorescence emission spectra were taken at time zero (black line), 24 hours (blue 
line), 36 hours (red line), and 48 hours (green line). (B) The second culture was incubated in FRL for 
24 hours, shifted to darkness for 12 hours, and then returned to FRL for 12 hours. Low-temperature 
fluorescence emission spectra were taken at time zero (black line), after 24 hours in FRL (blue line), 
after 12 hours in the dark (36 hours; red line), and after an additional 12 hours of incubation in FRL 
(48 hours; green line). Chl f synthesis stopped during the 12-hour dark period but resumed when 


cells were returned to FRL. 


spectra were recorded through the opal glass side 
of the cuvettes to allow correction for scattering. 
Fluorescence emission spectra of whole cells at 
77 K were measured with an SLM 8000C spec- 
trofluorometer, modified for computer-controlled 
operation by OLIS Inc. (Bogart, GA). Cells in expo- 
nential growth phase (ODy7s59 pm = ~0.6 to 0.7) 
were collected, homogenized, and resuspended in 
50 mM Tris-HCl, pH 8.0 buffer. Glycerol was 
added to a final concentration of 60% (v/v). Cells 
were adjusted to a concentration of ~0.5 OD759 nm 
and quickly frozen in liquid nitrogen. The exci- 
tation wavelength was set to 440 nm to excite 
Chls preferentially. 


RNA isolation and RT-PCR 


For gene expression analysis, total RNA was 
isolated from the wild-type and mutant strains 
grown to mid-exponential growth phase using 
a High Pure RNA isolation kit (Roche Diagnostics). 
To eliminate trace amounts of contaminating 
chromosomal DNAs, RNA samples were incu- 
bated with RNase-free DNase I (Promega) for 2 
to 3 hours at 37°C. DNase-treated RNA samples 
were further purified using RNA purification 
cartridges. The absence of DNA in RNA samples 
was verified by PCR assays in which reverse 
transcriptase was omitted. The concentration of 
RNA was determined by NanoDrop measure- 
ments (Thermo Scientific). 

RT-PCR analysis of total RNA isolated from 
wild-type and mutant strains was performed 
using a MyTaq One-Step RT-PCR kit (Bioline USA 
Inc., Taunton, MA). Primers were designed to 
amplify ~500-bp regions of specifically selected 
genes encoding major subunits of PSI, PSH, and 
phycobilisomes, as well as the 16S RNA gene as a 
control (see legend to Fig. 5). The resulting amplicons 
were analyzed by agarose gel electrophoresis. 
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Expression of the psbA4 gene of 

C. fritschii PCC 9212 in 

Synechococcus 7002 

To generate the expression vector for psbA4, a 
DNA fragment containing the psbA4 gene was 
amplified by PCR from chromosomal DNA of 
C. fritschiti PCC 9212 using Phusion HF DNA 
polymerase. The primers used were 9212 psbA4 
pAQ-1-1 (NcoINdelI) and 9212 psbA4 pAQ-1-2 
(BamHI) (table S2). After digestion with NdeI 
and BamHI, the psbA4 gene amplicon was cloned 
into the pAQIEX-P.p-n4/Gm shuttle vector (29). 
After verification by DNA sequencing, the psbA4 
expression construct [pAQUEX::9212_psbA4 (Gm*)] 
was transformed into the cells of Synechococcus 
7002. Transformants were selected on agar plates 
made with A* medium amended with gentamicin. 
Transformants harboring the expression plasmid 
were confirmed by PCR analysis and DNA sequence 
analysis. 


Isolation of PSI complexes and 
LC-MS/MS analysis 


PSI complexes of the wild-type and psbA4 mutant 
strains of C. fritschii PCC 9212 were isolated from 
cells grown under WL and FRL conditions fol- 
lowing the procedures described previously (7). 
In-solution digestion of proteins with trypsin 
and LC-MS/MS analysis were performed at the 
PARC Mass Spectrometer Facility at Washington 
University in St. Louis. Peptide mass spectra (m/z 
range 380 to 1500) were acquired at high mass 
resolving power (70,000 for ions with m/z = 200) 
with a Fourier Transform (FT) Q Exactive Plus 
mass spectrometer (Thermo Fisher Scientific). 
The raw data from the LC-MS/MS analysis was 
directly loaded into PEAKS (v 7.0, Bioinformatics 
Solution Inc., Waterloo, Ontario, Canada) for per- 
forming database searches against the total pro- 


teome for C. fritschii PCC 9212, which was derived 
from the annotated genome sequence. 
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INTRODUCTION: Vitamin A is an essential 
nutrient for all mammals, being vital for vision 
and for transcription of a wide array of genes. 
Retinol (vitamin A alcohol) is the predominant 
circulating retinoid. In the fasting state, retinol 
from liver stores is mobilized bound to retinol- 
binding protein (RBP), which transports this 
highly hydrophobic molecule in the blood- 
stream. How retinol is released from RBP 
and internalized by target cells has been the 
subject of intense debate. The RBP receptor, 
STRA6, was cloned in 2007. STRA6 was pre- 
dicted to be a 75-kDa multipass transmembrane 
(TM) protein without sequence similarity to 


any known transporter, channel, or receptor. 
STRAG is expressed widely, with particular 
abundance in the eye and placenta. Mutations 
in the human STRAG gene have been linked 
to Matthew-Wood syndrome, which presents 
with ocular abnormalities and developmental 
defects. 


RATIONALE: Despite a wealth of biochemical 
work aimed at investigating how STRA6 
mediates internalization of retinol from RBP, 
progress at the molecular level has been hin- 
dered by the absence of structural information. 
Purified STRAG6 from zebrafish was a detergent- 


RBP-binding 
motif 


Extracellular 


Membrane 


Cytosol 


The structure of STRAG in complex with CaM. The STRA6 dimer, drawn as a ribbon repre- 
sentation with one protomer in dark red and the other in black, is associated with two molecules of 
calmodulin, drawn in gray and gold. The internal volume of the outer cleft is represented as a 
semitransparent blue surface. Calcium ions are represented as green spheres. 
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stable dimer in an unexpected association with 
calmodulin (CaM), forming a 180-kDa complex. 


RESULTS: Using cryo-electron microscopy, 
we determined the structure of zebrafish 
STRAG in complex with CaM to 3.9 A res- 
olution. The protein is assembled as an in- 
tricate dimer with a topology that includes 
18 TM helices (nine per protomer) and two 
long horizontal intramembrane (IM) helices 
interacting at the dimer core. Each STRA6 
protomer comprises an N-terminal domain 


(NTD) of the first five TM 
helices, connected by a 
Read the full article linker containing the first 


CaM-binding peptide to 
a central domain at the 
dimer interface that in- 
cludes TMs 6 to 9 and the 
IM helices, and a cytoplasmic C-terminal seg- 
ment that interacts with CaM through two 
additional helices. Each protomer is com- 
pactly associated with one molecule of CaM, 
adopting an unconventional arrangement 
in which it is bound to three helical regions 
of STRAG. We characterized the STRA6-CaM 
interaction biophysically by isothermal ti- 
tration calorimetry, showing that the affinity 
of CaM for one STRAG peptide alone is sub- 
nanomolar, and structurally by x-ray crystal- 
lography. We also demonstrated that the 
STRA6-CaM association is physiological by 
performing immunoprecipitation experiments 
on native zebrafish tissue. Both the extra- and 
intracellular surfaces of the NTD feature con- 
served polar pockets. The outer NTD pocket 
spans half the bilayer. The central domain 
of STRAG defines a large ~20,000 A? cleft on 
the extracellular side, which encompasses 
the space between previously characterized 
binding sites for RBP, ~25 A above the mem- 
brane surface, and the IM helices located 
down at the mid-bilayer level. This outer cleft 
is hydrophobic, contains two ordered puta- 
tive cholesterols, and is exposed to the mem- 
brane through two symmetry-related lateral 
windows defined by TMs 8 and 9 and the 
IM helices. 


at http://dx.doi. 
org/10.1126/ 
science.aad8266 


CONCLUSION: The structure of STRAG sug- 
gests a mechanism for retinol release from 
RBP into the hydrophobic environment of the 
outer cleft and direct diffusion into the mem- 
brane through the lateral window. Our work 
also sets the basis for future experiments aimed 
at investigating how the system is regulated, 
whether STRAG also has a role in signaling, 
and the functional relevance of its associa- 
tion with CaM. = 
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Zahra Assur,’ Michael Cavalier,® Raquel Godoy-Ruiz,* Desiree C. von Alpen,” 

Chiara Manzini,” William S. Blaner,® Joachim Frank,” Loredana Quadro,* 

David J. Weber,® Lawrence Shapiro,” Wayne A. Hendrickson,’ Filippo Mancia‘{ 


Vitamin A homeostasis is critical to normal cellular function. Retinol-binding protein (RBP) 
is the sole specific carrier in the bloodstream for hydrophobic retinol, the main form in 
which vitamin A is transported. The integral membrane receptor STRA6 mediates cellular 
uptake of vitamin A by recognizing RBP-retinol to trigger release and internalization of 
retinol. We present the structure of zebrafish STRA6 determined to 3.9-angstrom 
resolution by single-particle cryo-electron microscopy. STRA6 has one intramembrane and 
nine transmembrane helices in an intricate dimeric assembly. Unexpectedly, calmodulin is 
bound tightly to STRA6 in a noncanonical arrangement. Residues involved with RBP 
binding map to an archlike structure that covers a deep lipophilic cleft. This cleft is open to 
the membrane, suggesting a possible mode for internalization of retinol through direct 


diffusion into the lipid bilayer. 


itamin A is an essential nutrient for all 

mammals. In its retinaldehyde (retinal) 

form, it is vital for vision (7); as retinoic 

acids (RAs), it provides ligands for RAR 

(retinoic acid receptor) and RXR (retinoid 
X receptor) nuclear receptor transcription fac- 
tors (2). Consequently, retinoid metabolism affects 
diverse biological processes (3), with disease im- 
plications from blindness to cancer (4, 5). Vitamin 
A deficiency is the third most common nutri- 
tional deficiency in the world, affecting millions 
of children and pregnant women (6). 

Retinol (vitamin A alcohol) is the predom- 
inant circulating retinoid in the fasting state. 
In the absence of sufficient dietary vitamin A, 
retinol from liver stores is mobilized bound to 
retinol-binding protein (RBP, also called RBP4) 
(7), which solubilizes the hydrophobic retinol. In 
the bloodstream, retinol-RBP forms a complex 
with the transthyretin tetramer (14 kDa x 4) to 
prevent renal loss of RBP (21 kDa) (8). Once in- 
ternalized into cells, retinol binds to cellular 
RBPs (CRBPs, notably CRBP1) (9, 10). 

A putative cellular receptor for RBP was iden- 
tified and biochemically characterized (77) and 
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subsequently shown to be required for the trans- 
fer of retinol from RBP to CRBP (2). In 2007, 
Kawaguchi et al. (13) cloned this RBP receptor, 
which proved to be the previously named pro- 
tein STRAG (stimulated by retinoic acid 6) (14). 
STRAG was predicted to be a 75-kDa multipass 
transmembrane (TM) protein without sequence 
similarity to any known transporter, channel, or 
receptor, and it was later experimentally dem- 
onstrated to bear nine TM segments (15). STRAG 
was shown to catalyze the release of retinol from 
RBP, where it is tightly bound (J6), and to facil- 
itate retinol translocation across the membrane 
and association with CRBP1 (J7). Conversion of 
retinol to retinyl esters for storage by enzymes, 
such as lecithin retinol acyltransferase (LRAT) 
(18), increases the efficiency of this process by 
increasing the amount of available apo-CRBP1 
(73). In in vitro experiments, STRAG6 was also 
shown to catalyze the exchange of retinol be- 
tween holo-RBP and apo-RBP, as well as the 
efflux of retinol from holo-CRBP1 to apo-RBP (7). 
Noy and colleagues have suggested a distinct and 
somewhat controversial (19, 20) functional model 
for STRAG (27), in which the movement of retinol 
is unidirectional from holo-RBP to CRBP1 and 
coupled to activation of a JAK-STAT (Janus kinase- 
signal transducers and activators of transcrip- 
tion) cascade, thus regulating gene expression 
(25, 22). 

STRAG is expressed with particular abundance 
in the eye, where it localizes predominantly in 
the basolateral membrane of the retinal pigment 
epithelium, and in the female reproductive organs 
and placenta (73, 14). Mutations in the human 
STRA6 gene have been linked to Matthew-Wood 
syndrome (MWS), which presents with ocular 
defects ranging from mild microphthalmia to 
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anophthalmia, as well as with an array of other 
developmental abnormalities including cardiac 
and pulmonary defects and cognitive deficits 
(23). Consistent with an important role of STRAG 
in maintaining vitamin A homoeostasis in the 
eye, a zebrafish stra6 gene knockdown model 
also exhibited severe ocular malformations dur- 
ing development (24). Stra6 knockout mice have 
a less severe phenotype, exhibiting defects in 
the visual cycle (25, 26) and impaired insulin 
signaling (27). 

To gain insight into the mechanistic basis 
for STRA6 function, we determined the struc- 
ture of STRAG from zebrafish to 3.9 A resolution 
by single-particle cryo-electron microscopy (cryo- 
EM). The protein is a dimer, and each protomer 
is associated at the cytoplasmic side with a mol- 
ecule of calmodulin (CaM), which is unexpected 
given that there are no previous reports of CaM 
involvement with STRAG. The structure features 
a large lipophilic cleft on the extracellular side, 
to which RBP is expected to bind with induction 
of retinol release. Although additional pathways 
are possible, a window in the hydrophobic cleft 
is open to the bilayer, suggesting diffusion as a 
possible mechanism for translocation of retinol 
directly into the cell membrane, from which it 
may be internalized by CRBP1. 


Structure determination by 
single-particle cryo-EM 
We screened nine STRAG orthologs from different 
species for expression and stability in nonionic 
detergents as green fluorescent protein (GFP) 
fusions in transiently transfected human embry- 
onic kidney (HEK) 293 cells. Of these, the protein 
from zebrafish (75.4 kDa, 670 amino acids) per- 
formed best as judged by Western blot and fluo- 
rescence size exclusion chromatography (FSEC). 
We confirmed that recombinant zebrafish STRAG6 
is active with an HEK293 cell-based retinol uptake 
assay (13), which used recombinant zebrafish 
RBP in complex with retinol, and with cotrans- 
fection with species-matched CRBP1 and LRAT 
(Fig. 1A). Protein production was scaled up using 
baculovirus-infected Sf9 insect cells. Purified STRAG 
failed to yield diffraction-quality crystals, despite 
the monodispersity of the sample (fig. SIA) and 
its thermal stability in detergents (fig. SIB). 
SDS-polyacrylamide gel electrophoresis (PAGE) 
from purified STRAG preparations always showed 
the presence of a lower-molecular-weight species 
(fig. S1C), identified as CaM by N-terminal se- 
quencing, mass spectrometry, and immunoblotting 
from both mammalian cells, where STRAG is 
functional for retinol uptake (Fig. 1, A and B), 
and insect cells, which were used to produce 
protein for structure determination (fig. S1D). 
The sequence of Spodoptera frugiperda CaM, 
the protein copurified from Sf9 cells, is not avail- 
able; however, S. littoralis CaM (UniProt ID E3UJZ) 
is 98% identical to human and zebrafish CaM, 
which are 100% identical to one another. Re- 
moval of CaM was attempted by application of 
high concentrations of Ca?* chelators and strin- 
gent high-ionic-strength washes of the isolated 
membrane fraction, but without success, which 
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protein and thus was potentially within the 
tractable molecular weight range of cryo-EM. 
To this end, the complex was reconstituted in 


teraction. A molecular weight estimate for the | urements (fig. SIF) indicated that the detergent- 


is consistent with a specific, high-affinity in- | to light-scattering and refractive index meas- 
STRA6-CaM complex determined by SEC coupled | solubilized complex contained ~180 kDa of 
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Fig. 1. Function and architecture of zebrafish STRA6 in complex with CaM. 
(A) Recombinant zebrafish STRA6 exhibits retinol uptake activity. The results of 
a cell-based retinol uptake assay are shown as a bar graph; the assay used 
HEK293T cells that either were stably expressing CRBP1 (Ctrl) or stably 
expressing CRBP1 and transiently transfected with expression constructs for 
STRA6, LRAT, or STRA6 and LRAT. The amount of retinol (black bars), the 
amount of retinyl esters (gray bars), and total retinoid content (white bars) 
were determined using high-performance liquid chromatography (HPLC). 
Error bars represent SEM. (B) Zebrafish STRA6 is associated with CaM ina 
functional context. Shown here is a Western blot probed with an antibody 
against human CaM on the results from a metal-affinity chromatography- 
based purification of polyhistidine-tagged zebrafish STRA6, expressed by tran- 
sient transfection in HEK293T cells. The left lane shows the results of the 
purification, the middle lane shows purification results for the same cell line 
transfected with a control plasmid, and the right lane has purified recombinant 
human CaM loaded as a control. (©) A Ca trace of the STRA6-CaM com- 
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plex is shown in the density map (blue mesh), contoured at 6x the root mean 
square. STRA6 is colored dark red and CaM is colored yellow. An inset shows 
the local quality of the density map in the TM6-TM7 region, with side chains 
in stick representation. (D) Structure of the STRA6 dimer in complex with 
CaM. A ribbon representation of the Ca trace of the STRA6 dimer associated 
with CaM is shown in orthogonal views from within the plane of the mem- 
brane. One STRA6 protomer is shown in spectral coloring from violet (N 
terminus) to red (C terminus). The associated CaM is in cyan. The approx- 
imate location of the membrane, estimated using the PPM server (70), is 
depicted as a cream-colored rectangle behind the proteins. The inset below 
the right panel depicts the arrangement of TM helices in STRA6 as a slab 
of the TM region. (E) Schematic representation of the connectivity and struc- 
tural elements of STRA6, shown using the same color scheme as in (D). The 
start and end residue number of each helical element is marked. CaMBPO, 
CaMBPI1, and CaMBP2 are the three helical segments of STRA6, which 
interact with CaM. 
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amphipol for structure determination by this 
technique. 

Initial inspection of the two-dimensional (2D) 
class averages from cryo-EM images revealed a 
distinctly twofold symmetric assembly, with two 
“legs” protruding from an ellipsoidal TM region 
enveloped by an amphipol shell (fig. S2). After 
3D classification (fig. S3), based on an initial 
reference volume generated by common-lines 
methods (28), the refinement of a set of 56,615 
particles produced a cryo-EM density map with 
an overall resolution of 3.9 A (fig. S2D and table 
S1. Inspection of the map allowed unambiguous 
determination of the TM topology and the lo- 
cation of the N and C lobes of CaM (Fig. 1C and 
fig. S4, A and B). The quality of the density (fig. 
S5) was sufficient to allow us to generate an 
atomic model for 581 of the 670 STRA6G residues 
(26 to 630; fig. S6) and 147 of the 151 CaM residues 
(fig. S7 and movie S1). 


Architecture of the STRA6-CaM complex 


The structure shows that STRAG is a dimer and 
that it is associated with CaM, in agreement with 
our biochemical data (fig. S1, C to F). STRAG is 
folded as an intricately associated symmetric dimer, 
comprising 18 TM helices (nine per protomer) 
plus two long horizontal intramembrane (IM) 
helices that interact at the central dimer inter- 


STRA6-CaM MLCK-CaM 


face (Movie 1; Fig. 1, D and E; and fig. S4C). The 
N terminus of STRAG is extracellular, leading 
into the first five TM helices, which form an N- 
terminal helical bundle domain (NTD; Fig. 1, D 
and E, and fig. S4D). The NTD is separated from 
the rest of the molecule by a long intracellular 
loop that connects TM5 to TM6, which contains 
the first (CaMBPO) of three cytoplasmic helical 
segments that associate with CaM, as well as a 
juxtamembrane (JM) helix (Fig. 1, D and E). Two 
long TM helices (TM6 and TM7) follow centrally, 
extending more than 25 A above the extracellular 
membrane surface in an archlike extension and 
connected by a short helix-containing loop (lid 
peptide) proximal to the twofold axis of dimer 
symmetry (Fig. 1, D and E). 

TM8 spans the membrane at an angle and 
docks into the dimer-mate protomer in a TM 
helix-swapped arrangement that involves TM9 
(Fig. 1, D and E). In total, 4811 A? of surface area 
is buried at the dimer interface. Both TM8 and 
TM9 are kinked sharply after two helical turns. 
After TM9, the polypeptide chain returns to the 
body of its own protomer, first through a short 
vertical IM helix ([Ma) and then through a long 
horizontal one (IMb) (Fig. 1). TM3a of the dimer 
mate interacts at the IMa-IMb boundary (Fig. 
1D and fig. S4C). IMb helices are in antiparallel 
contact at the dimer interface, approximately at 


the level of the interface between membrane 
leaflets (Fig. 1, D and E). 

The chain emerges into the cytoplasm after 
an irregular but well-ordered JM loop (JML) 
through inclined helix 20, which is intimately 
associated with the cytoplasmic extensions of 
TM6 and TM’. Two C-terminal CaM-binding 
helices (CaMBP1 and CaMBP2) follow, linked 
by a disordered segment (Fig. 1, D and E). A C- 
terminal helical extension (aCT) completes the 
chain after a proline-induced kink (P620). The 
two CaM molecules, one for each STRAG protomer, 
constitute a large portion of the intracellular 
domain of the STRA6-CaM complex, with each 
STRA6-CaM interface burying 3124 A’. In the 
dimer, these cytoplasmic regions appear as two 
“legs” that protrude over 50 A from the mem- 
brane surface into the cytoplasm (Fig. 1, C and D). 

In essence, the STRA6-CaM architecture can 
be separated into three distinct regions (fig. S5): 
(i) the NTD plus the linker containing CaMBPO 
and the JM helix; (ii) the central domain (CD), 
consisting of TMs 6 to 9, the IM, and «20; and 
(iii) the C-terminal tail, containing CaMBP1 and 
CaMBP2 and the associated CaM molecule. 


STRA6-CaM interaction 


CaM binds to the cytoplasmic side of STRA6 
in an unconventional arrangement (Fig. 2A and 


Fig. 2. The interactions between STRAG and CaM. (A) View of the STRA6- 
CaM complex, shown as a Ca trace in ribbon representation, with STRA6 in 
dark red except for CaMBPO (yellow), CaMBP1 (orange), and CaMBP2 (red). 
The N and C lobes of CaM are shown in dark blue and cyan, respectively. (B) A 
close-up view of the main interactions between STRA6 and CaM, represented 
and colored as in (A). All STRA6-CaM-interacting residues are depicted in 
stick representation and labeled. (©) Comparison between STRA6-CaM and 
MLCK-CaM (canonical) binding modes in ribbon representation (left) and as 
a schematic (right), using the same color scheme as in (A). (D) Endog- 
enous zebrafish CaM can be immunoprecipitated using an antibody against 
zebrafish STRA6. Shown here is an immunoblot probed for CaM. The left lane 
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shows immunoprecipitation from zebrafish tissue performed using the anti- 
body against STRA6, the middle lane shows immunoprecipitation from zebra- 
fish tissue performed using an antibody against an unrelated protein, and 
the right lane shows recombinant human CaM (10 ng). (E) Superposition 
of the structures of the Ca**-hCaM-CaMBP2 complex (black and gray) 
determined by x-ray crystallography, with the equivalent region from the 
STRA6-CaM complex, depicted as in (B). The side chains of CaMBP2 are 
depicted in stick representation. Single-letter abbreviations for the amino 
acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; 
V, Val; W, Trp; and Y, Tyr. 
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fig. S9). Overall, the intracellular region of each 
STRAG protomer folds as a compact assembly in 
which CaM is intimately associated with three 
distinct STRA6 segments (Fig. 2B). The CaM 
structure that we observed suggests, on the basis 
of lobe-specific comparisons with previously 
solved structures of Ca?*-CaM and apo-CaM (fig. 
$9), that Ca?* is bound. Ca?* binding to CaM 
results in conformational changes that expose 
two hydrophobic binding surfaces, one in the 
N lobe and the other in the C lobe (29). Typ- 
ically, these wrap around a single amphipathic 
helix (Fig. 2C), although noncanonical CaM com- 
plexes have been reported (30). In STRAG, the 
CaMBP1 helix, which is part of the C-terminal 
extension, binds exclusively to the main hydro- 
phobic cleft in the N lobe of CaM (Fig. 2, B and 
C; fig. S10; and movie S2). CaMBPO, which is part 
of the long TM5-TM6 loop, binds to the N lobe as 
well, at a surface position between CaM helices 
land 4, and it interacts additionally with CaMBP1 
in a helix-helix crossing mode (Fig. 2, B and C; fig. 
$10; and movie S2). CaMBP2 interacts with the 
hydrophobic groove of the CaM C lobe in a man- 
ner similar to the canonical 1-5 interaction of the 
myosin light-chain kinase (MLCK) peptide with 
the C lobe of CaM (37) (Fig. 2C and fig. S9B), and 
it links the two lobes of CaM together through 
interactions with the polar outer face of the CaM 
N lobe (Fig. 2, B and C; fig. S10; and movie S2). 

To verify that the STRA6-CaM complex is 
formed under physiological conditions, we per- 
formed STRAG6 immunoprecipitation experiments 
on zebrafish tissue by using a monoclonal anti- 
body directed against recombinant zebrafish 
STRAG (Fig. 2D and fig. SIE). Furthermore, we 
performed isothermal titration calorimetry ex- 
periments with synthetic CaMBP peptides and 
recombinant human CaM, which showed that 
the three main peptides are capable of bind- 
ing to CaM in solution, with affinities ranging 
from low micromolar (CaMBPO) to subnano- 
molar (CaMBP2) (Table 1 and fig. S12). Lastly, to 
visualize the molecular details of the interac- 
tion, we determined the 1.7 A crystal structure 
of human Ca?*-loaded CaM in complex with a 
synthetic CaMBP2 peptide (table S2 and fig. 
S11). This structure is very similar to that of CaM 
as observed in the cryo-EM (Fig. 2E), confirming 
the sequence assignment in this region of the 
STRA6-CaM cryo-EM structure and providing 
additional high-resolution structural information 
for this part of the STRA6-CaM interface (fig. S11). 
The adoption of a noncanonical arrangement of 
CaM in the complex with CaMBP2 demonstrates 
that this segment alone is sufficient to specify the 
noncanonical conformation of CaM. 

The cryo-EM analysis shows the STRA6-CaM 
complex to be rigid; no conformations differing 
substantially in the STRA6-CaM arrangement 
are identifiable by maximum-likelihood 3D classi- 
fication of the data set (fig. S3). All STRAG res- 
idues interacting with CaM, as well as residues 
forming the CaMBP1/CaMBPO interface, are con- 
served across all species (fig. S7 and movie S2). 
The disordered CaMBP1-CaMBP2 linker is con- 
served in sequence for its central and acidic 
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motif, EEGIQLV in zebrafish STRA6, with the 
Glu-Gly segment invariant across STRA6 ortho- 
logs (shown in bold in fig. $7). Lastly, two human 
STRA6 polymorphisms in CaMBP2, R655C and 
T644M (equivalent to R626 and T615 in zebrafish, 
respectively), are strongly associated with MWS 
(table S3) (32). 


Surface features of the STRAG6 dimer 


The archlike TM6-lid peptide-TM7 extensions, 
together with outer portions of the TM8 and 
TM9 helices, define the sides of a large extra- 
cellular cleft (19,174 A? in volume; Materials and 
methods), which we refer to as the outer cleft. 
This cleft is shaped like an arrowhead, and it 
extends from a “floor” of dyad-related IM helices 
at the mid-bilayer level to just under a “ceiling” 


of lid peptides ~25 A above the membrane sur- 
face (Fig. 3A). The outer cleft is bounded along 
the short edges by the NTD, which protrudes 
only slightly above the membrane, defining large 
openings to the extracellular space at either side 
of the lid peptides. Toward the base of the outer 
cleft, TM8, TM9, and the IM helix define a trian- 
gular “lateral window” that is open to the lipid 
bilayer (Fig. 3B). Many of the residues lining the 
cleft are conserved (fig. S13A) and hydrophobic 
(Fig. 3, C and D). There is a clear shell of density 
corresponding to the polar part of the amphipol 
belt surrounding the TM region (Fig. 3C), as has 
been observed in other cryo-EM structures of 
membrane proteins (33, 34). Specific to STRAG, 
however, a similar shell of density is also located 
at surfaces bounding the outer cleft (Fig. 3C), 


Movie 1. Architecture of STRAG in complex with CaM. A ribbon representation of the Ca trace of 
the STRA6 dimer associated with CaM is shown from within the plane of the membrane, rotating 
about the dyad axis. One STRA6 protomer is shown in spectral coloring from violet (N terminus) to 
red (C terminus). The associated CaM is in cyan. The other protomers are shown in black and gray. 


Table 1. Isothermal titration calorimetry analysis of the association of CaM with STRAG peptides. 
H, enthalpy; S, entropy; T, absolute temperature (kelvin); G, Gibbs free energy; Kp, dissociation constant. 


Peptide (site) 


CaMBPO* 


1.01 + 0.07 78 +08 


OO O02 5189 = 0'2 


CaMBP1.2+ (low) 0.98+0.09 -76+1.0 


N (sites) AH (kcal/mol) TAS (kcal/mol) AG (kcal/mol) 


—0.11 + 0.03 


Kp (nM) 


0.02 + 0.1 78407 256x10°+ 722 


=is}7/ 25 (0).1L 


0.06 + 0.1 76410 193 10° +281 


*The STRA6 peptides were designed on the basis of the STRA6-CaM complex structure and are defined as 
follows: CaMBPO, residues 222 to 237; CaMBPI, residues 554 to 571; and CaMBP2, residues 600 to 626. 
Experiments were performed at 37°C in 20 mM HEPES (pH 7.4), 50 mM NaCl, 5 mM MgCls, and 0.5 mM 


TCEP, using 30 injections at 10 ul per injection. 


{This thermogram was fit using a two-site model (termed 


“high” and “low,” referring to affinity) because of the endothermic region of the thermogram that was observed 


as the system approached saturation. 
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suggesting that the hydrophobic alkyl tails of 
the amphipol occupy the hydrophobic cleft of the 
purified protein, and that consequently this cleft 
would be lipid-filled in a native context. 

Also on the extracellular side, but on the pe- 
riphery of STRAG, a deep outer pocket (782 A? 
in volume) is formed within the NTD (Fig. 3A). 
It is somewhat polar in nature (Fig. 3, C and D) 
and lined by two histidine residues (H41 and 
H160) along TM1 and TM4 and two tyrosine res- 
idues (Y130 and Y131) along TM3, all of which 
are conserved (fig. S13, B and C). A smaller pocket 
on the intracellular side of the NTD (Fig. 3A) is 
lined by histidine (H145 and H86) and tyrosine 


(Y150 and Y200) residues, although these are 
less conserved (fig. $13, B and D). 


Molecular details of the outer 
cleft and pockets 


The outer cleft is separated from the cytosol 
by a two-layer structure at the level of the cyto- 
plasmic leaflet of the membrane (Figs. 3A and 
4A). The top layer, corresponding to the floor of 
the outer cleft, is formed by the antiparallel 
dyad-related IM helices (Figs. 3A and 4A). The 
bottom layer is formed by the two JMLs, which 
interact symmetrically with one another and 
each with the IM helices of the apposed protomers 


Central dimer 
interface 


(Figs. 3A and 4A). The two layers are connected 
by interactions between conserved residues R511 
in the IM helix and D539 in the JML. Disrup- 
tion of this salt bridge by mutation of an equiv- 
alent residue in human STRA6 (D560H) results 
in MWS (35). 

The two IM helices form mostly hydropho- 
bic contacts, except for a conserved asparagine 
(N519) and threonine (T515) pair, arranged around 
the twofold axis (Fig. 4A). The density maps 
show two lipid-like densities extending into the 
outer cleft from these polar residues (Fig. 4 and 
fig. S5). These densities are unlikely to correspond 
to retinol, given that no retinol was detectable in 


Lateral window 


Fig. 3. Surface features of STRA6. (A) Ribbon representation of the STRA6- 
CaM complex in two orthogonal views along the plane of the membrane, with 
one STRA6 protomer shown in dark red and one CaM in gold; the other pro- 
tomers are shown in black and gray. Surface features are labeled and shown in 
light blue (outer cleft), purple (outer pocket), and pink (inner pocket). Volumes 
were calculated using the Voss Volume Voxelator server (63) with an outer probe 
radius of 10 A and an inner probe radius of 3 A. (B) Spacefill representation of 
the STRA6-CaM complex in two views along (left) and from above (right) the 
plane of the membrane, colored as in (A). (©) Spacefill representation of the 
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STRA6-CaM complex shown as in (A), colored by hydrophobicity according to 
the Kyte-Doolittle scale (71), ranging from blue (—4.5, most polar) to white (0.0) 
to orange (4.5, most hydrophobic). The amphipol layer surrounding the mol- 
ecule is shown in yellow. The image on the right is a slice from the middle of the 
outer cleft. (D) Spacefill representation of the STRA6-CaM complex shown as 
in (B), colored by hydrophobicity as in (C). (E) Spacefill representation of the 
STRA6-CaM complex shown as in (C), colored by conservation from cyan (least 
conserved) to maroon (most conserved). (F) Spacefill representation of the 
STRA6-CaM complex shown as in (B) and (D) and colored as in (E). 
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the purified complex by spectroscopy. Although 
not conclusive, the shape of the density is con- 
sistent with cholesterol (Fig. 4), with each sterol 
oriented so that its hydroxyl group interacts 
with the N519-T515 pair. The two-layer struc- 
ture is closed, and thus conformational changes 
effecting the separation of the symmetrically 
related IM helices and JMLs would be required 
to permit retinol transfer along this route. How- 
ever, there is no obvious barrier to retinol diffusion 
from the outer cleft into the lipid bilayer via 
the lateral window (Figs. 3B and 4A). 


Discussion 


The unanticipated constitutive association of 
CaM with STRAG occurs in vivo, as demonstrated 
by immunoprecipitation experiments performed 
at physiological concentrations (Fig. 2D and fig. 
S1E). CaM is a binding partner and functional 
regulator for diverse membrane protein families 
including ion channels, transporters, and enzymes 
(30). CaM adopts an unusual conformation 
in which it binds to three STRAG helical seg- 
ments (Fig. 2). There is one instance of an EF 
hand-containing protein with similarly disposed 
domains, namely, the activation domains of 
apicomplexan Ca?*-activated, Ca?*-dependent 
protein kinases (36) (fig. SQA). A comparable ar- 
rangement has not been observed for CaM it- 
self, although distinct noncanonical CaM-target 
complexes have been characterized, such as, 
for example, the structure of the complex of 
CaM with the anthrax edema factor toxin (37). 
We determined the 1.7 A-resolution crystal struc- 
ture of Ca?*-CaM in complex with CaMBP2 (Fig. 
2E and fig. S11), the STRAG6 peptide with the 
highest affinity (0.9 nM). Notably, CaMBP2 
alone induces the same noncanonical confor- 
mation of Ca?*-CaM as observed in the cryo-EM 
structure of STRA6-CaM. The seeming obligate 
nature of the CaM-STRAG6 interaction explains 
previous observations that the C-terminal tail of 
the receptor is structurally and functionally in- 
dispensable (75). Several MWS mutations are 
located in this region (table $3), and random 
mutagenesis of STRAG identified multiple mu- 
tations in the C-terminal tail that eliminate sur- 
face expression and prevent correct folding of 
the receptor (38). The role of CaM—and its reg- 
ulation by Ca?*—is enigmatic because no direct 
link between Ca?" and retinol transport has been 
identified. Nevertheless, this interaction is con- 
served and structurally essential. 

The CaM-interacting regions, as well as sev- 
eral other structural elements of STRAG, are con- 
served in RBPR2, a STRAG-like protein expressed 
primarily in the liver and intestine (39) (fig. S14), 
suggesting a similar architecture with potential 
functional differences in these specialized retinol 
storage and uptake tissues. In humans, the NTD 
of RBPR2 is expressed as a separate polypeptide 
(39), supporting our assignment of the NTD as a 
separable domain (fig. S5). More distantly related 
lipocalin receptors such as LMBR1 also have nine 
predicted TM helices and have been suggested to 
form dimers (40), and consequently we antici- 
pate they may adopt a STRAG6-like fold. 
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Fig. 4. Putative cholesterol binding sites in the STRAG outer cleft. (A) Ribbon representation of the 
STRA6-CaM complex, shown along the plane of the membrane and colored as in Fig. 3A. Putative 
cholesterol molecules are shown in green, with the corresponding density in pink, as a mesh. (B) View 
from above the plane of the membrane, shown and colored as in (A). The two insets show molecular 
details of the interactions between the putative cholesterols and residues in the STRA6 outer cleft; key 


interacting residues are labeled. 


The most notable feature of STRAG is the 
large extracellular-facing hydrophobic cleft, which 
spans from the mid-bilayer to the lid peptides at 
the apex of the TM6-lid peptide-TM7 arch, 25 A 
above the membrane surface (Fig. 3A). Human 
STRAG residues that were implicated previously 
in RBP interactions (314 to 320, zebrafish number- 
ing) by functional mutagenesis studies (38) all 
map to the lid peptide (Fig. 5A), thus putting 
constraints on the position of RBP in its inter- 
action with STRAG. Furthermore, insertion of a 
Myc tag at the apex of the TM8-TM9 loop has 
been shown to impair RBP binding while not 
affecting surface expression of STRAG (15). Mu- 
tants that disrupt a predicted C31-C171 disulfide 
bond within the NTD also show reduced RBP 
binding (75). The regions with impaired RBP bind- 
ing, together with prior work on RBP itself that 
showed dependence on its CD loop for interac- 
tion with the lid peptide (11, 41, 42), allow us to 
place constraints on the location of the RBP- 
binding site (Fig. 5A). On the basis of this ori- 
entation and the hydrophobic nature of both 
retinol and the STRA6G outer cleft, it is reason- 
able to postulate that RBP binding to the lid 
peptide weakens RBP affinity for retinol, leading 
to deposition of retinol in the STRAG outer cleft. 
It remains to be determined whether the catal- 
ysis of retinol release is primarily due to induced 


structural changes in the retinol exit pathway of 
RBP or to the enforced proximity of the retinol 
to the surface of the lipid bilayer. 

The outer cleft is hydrophobic, it extends 
down about halfway through the bilayer, and 
it is exposed to the membrane via the lateral 
window (Fig. 3B). Furthermore, the outer cleft 
is covered by a shell of density, presumably from 
the polar backbone of the amphipol (Fig. 3C). 
These observations suggest that the outer cleft 
is occupied in vivo by bulk lipid rather than 
aqueous solvent. Such an environment could 
provide a low-energy pathway for retinol to 
partition into the lipid bilayer. The lipid com- 
position within the outer cleft remains to be 
determined; however, broadly speaking, we en- 
vision two likely possibilities. In one, the con- 
tent of the outer cleft could be similar to that of 
the surrounding membrane, namely, a distorted 
monolayer of phospholipids (Fig. 5B). Alterna- 
tively, it could be enriched in specific components 
such as cholesterol, perhaps similar to what is 
observed in lipid rafts (43). 

Consistent with the above, we observed sev- 
eral distinct densities within this cleft, two of 
which we have tentatively assigned as choles- 
terol (Fig. 4). These could either originate from 
the expression host or represent hydrolysis prod- 
ucts of the cholesteryl hemisuccinate used to 
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Fig. 5. Possible mechanism for STRA6-mediated retinol uptake. (A) Ribbon 
representation of the STRA6-CaM complex, viewed from the plane of the mem- 
brane, with STRA6 colored in red and CaM in gold. Residues previously shown to 
be important for RBP binding are shown as magenta spheres. Green spheres, 
retinol. (B) Schematic of STRA6-mediated retinol release from RBP into the outer 
cleft and translocation to the lipid bilayer (shown as purple spheres and wavy 
lines) through the lateral window. Question marks indicate putative ligands 
binding to the NTD; green and white arrows show two potential retinol exit pathways, 


via the lateral window and the central dimer interface, respectively; and coloring 
of the STRA6 surface is as in Fig. 3C (by hydrophobicity). (©) Previous work 
mapped onto the STRA6 structure, shown as follows: the RBP-binding motif in 
the lid peptide in magenta (38); the region probed by acute chemical mod- 
ification of single cysteine point mutants (48) in orange, and residues in this 
region, modification of which severely affects retinol uptake from RBP, in 
red; the putative CRBP1 interacting motif (45), located in CaMBPO, in cyan; 
and the putative STAT5 binding motif (22), located in CaMBP2, in green. 


stabilize the protein during purification (fig. SIB). 
The two putative cholesterol molecules are bound 
by their hydroxyl groups to the conserved T515- 
N519 site at the floor of the outer cleft. The fact 
that retinol, like cholesterol, is also hydrophobic 
with an apical hydroxyl group raises the possibility 
that the observed positions of the putative cho- 
lesterol molecules may also represent binding 
sites for retinol. 

As noted in the previous section, the outer 
cleft is separated from the cytosol by a two-layer 
protein barrier at the level of the cytoplasmic 
leaflet of the membrane (Figs. 3 and 4). Because 
there is no evidence of a pore through which 
retinol could translocate via this central structure, 
a conformational change would be required. How- 
ever, the structure suggests an alternative passage- 
way for retinol by direct diffusion into the 
membrane through the lateral window (Fig. 5C). 
This hypothesis is consistent with the observa- 
tion of (i) CRBP- and LRAT-independent STRA6- 
mediated retinol uptake from holo-RBP, (ii) 
STRA6-independent uptake of retinol from the 
membrane by CRBPI, and (iii) CRABP- and STRA6- 
dependent internalization of RA from a RA-RBP 
complex (44). Furthermore, retinol in the plasma 
membrane inhibits STRA6-dependent uptake of 
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retinol from holo-RBP (77), raising the possibility 
of a mechanism of exchange between membrane- 
and RBP-bound retinol. The lateral window could 
provide a key element for such a mechanism. 
The evidence for direct association of CRBP 
with STRAG is ambiguous (19, 45). Residues 1232 
and L233, which have been implicated in CRBP- 
binding (45), are located in our structure within 
CaMBPO, where they interact directly with CaM 
(Fig. 5C). Although the proposed mechanism of 
retinol uptake through the lateral window does 
not require direct binding of CRBP1 to STRAG, it 
does not preclude this interaction, which could 
also play a regulatory role. The STRAG structure 
also suggests likely sites of interaction with other 
cytoplasmic partners. CaMBP1 and CaMBP2 are 
connected by a linker, that is disordered in the 
structure and that contains a conserved sequence 
motif (EEGIQLV; fig. S7) similar to the box2 motif 
of cytokine receptors, which is known to mediate 
recruitment of JAK family members through 
their FERM and SH2 domains (46, 47). Further- 
more, two residues (Y614 and T615) that have 
been implicated in JAK-dependent regulation of 
STRAG (44, 48) are located on CaMBP2 (Fig. 5D). 
These two residues are not solvent-accessible in 
our current structure, implying that a conforma- 
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tional change of either CaM or STRA6 would be 
required for their modification. 

A previous study involving scanning cysteine 
mutagenesis of TM6 and TM7 identified a num- 
ber of modifications that severely inhibited ret- 
inol uptake (48). Our structure shows that these 
residues are clustered near the cytoplasmic ends 
of these helices and that most are buried (Fig. 
5D), precluding direct involvement in retinol 
translocation absent a substantial conforma- 
tional change. 

The N-terminal TM1-TM5 bundle may repre- 
sent a regulatory module, which could poten- 
tially act as a sensor for an unidentified ligand. 
The NTD contains conserved polar pockets on 
both sides of the membrane (Fig. 3A and fig. S13), 
which could constitute ligand-binding sites. Free 
retinoids are known to stimulate RBP-dependent, 
STRAG6-mediated retinol uptake activity (49), 
making them plausible candidates for such a 
role. Interestingly, TM3 packs against the IMa 
helix of the adjacent protomer. Because [Ma is 
contiguous with the IMb helix that lines the 
outer cavity floor, it is conceivable that a ligand- 
induced change in NTD conformation could affect 
the efficiency of STRA6-mediated retinol release 
from holo-RBP and/or translocation. 
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Overall, the structure of STRA6 presented 
here is consistent with a model of retinol re- 
lease from RBP into the lipid-filled outer cleft 
and its direct transfer into the membrane by 
diffusion through the lateral window (Fig. 5C). 
The release and transfer of ligands into spe- 
cialized lipidic environments could represent a 
general mechanism for protein-mediated uptake 
of hydrophobic molecules. 


Materials and methods 
Expression constructs and small-scale 
expression screening 


Nine STRAG orthologs (human, mouse, chicken, 
zebrafish, dog, horse, bovine, rat, pig) were cloned 
into pFM1.2 (50) with a GFP and decahistidine 
tag engineered to express as a fusion at either 
and both the N- or C- terminus of the proteins. 
The constructs were transiently transfected into 
adherent HEK293T cells using lipofectamine 
(Invitrogen). The transfected cells were har- 
vested after incubation for 72 hours at 37°C. 
The harvested cell pellets were lysed and sol- 
ubilized for 1 hour on ice in a buffer containing 
n-dodecyl-B-D-maltopyranoside (8DDM). Sam- 
ples were ultracentrifuged to remove debris, 
protein concentration determined by Bradford 
assay (BioRad) (57), and 20 ul of supernatant 
was loaded on a SDS-PAGE for Western blot, 
which was then probed with anti-GFP antibody 
(Invitrogen) and detected using Western Blot 
Luminol reagent (Santa Cruz). The expression 
levels and stability of the constructs were fur- 
ther assayed by FSEC. 10 ml of Freestyle 293-F 
cell culture (Invitrogen) was transiently trans- 
fected with each construct at a density of 1 x 
10° cells per ml using polyethyleneimine (PEI) 
(Polysciences), grown in shaker flasks for 72 hours 
at 37°C and harvested by centrifugation. Cell 
pellets were treated following the same protocol 
as described above, and the supernatant was in- 
jected onto a Superdex 200 Increase 10/300 GL 
(GE Healthcare Life Sciences) SEC column con- 
nected to a Prominence UFLC system (Shimadzu) 
fitted with an RF-10AXL fluorescence detector 
(Shimadzu). 


Large-scale protein expression and 
membrane preparation 


STRAG from zebrafish (Danio rerio) was cloned 
into pIEX/Bac-1 plasmid modified to include a 
C-terminal decahistidine tag and thrombin cleav- 
age site and transfected together with baculo- 
virus bacmid DNA (Sapphire Baculovirus DNA and 
Transfection kit, Allele Biotech) into Spodoptera 
frugiperda Sf9 cells for generation of recombi- 
nant baculovirus. The recombinant virus was am- 
plified to high titer following standard procedures. 
Sf9 cells were infected at a density of 2 x 10° cells 
per ml with high titer virus at an approximate 
multiplicity of infection (MOI) of 1, grown in 
shaker flasks for 72 hours at 27°C and harvested 
by centrifugation. Cell pellets were resuspended 
in low salt buffer consisting of 10 mM HEPES pH 
7.5, 10 mM KCl, 10 mM MgCl, 0.5 mM PMSF, 
EDTA-free complete protease inhibitor cocktail 
(Roche), DNase, and RNase and lysed by gentle 
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homogenization in a glass homogenizer. Mem- 
brane fractions were isolated by ultracentrifuga- 
tion, resuspended by homogenization and washed 
a minimum of two times, until the supernatant 
following ultracentrifugation was clear, in high 
salt buffer (10 mM HEPES pH 7.5, 10 mM KCI, 
1M NaCl, 10 mM MgCl, 0.5 mM PMSF, EDTA- 
free complete protease inhibitor tablet DNase, 
RNase). Extensively washed membranes were 
then resuspended again by homogenization in 
buffer containing 30 mM HEPES, pH 7.5, 200 mM 
NaCl, 0.5 mM PMSF, protease inhibitor cocktail 
III (Millipore) and stored at -80°C until use. 


Protein purification 


The membrane fraction was thawed on ice and 
solubilized by the addition of detergent—lauryl 
maltose neopentyl glycol (LMNG) or BDDM with 
or without cholesteryl hemisuccinate (CHS) in a 
10 to 1 ratio—to a final concentration of 1% (w/v) 
detergent and 2 mg/ml protein, and gently agi- 
tated for 1.5 hours at 4°C. Insoluble matter was 
removed by ultracentrifugation, the supernatant 
was transferred to fresh tubes and imidazole added 
to a final concentration of 40 mM. The sample 
was then added to pre-equilibrated Ni?*-NTA 
resin (Qiagen) and the mixture allowed to gently 
rotate overnight at 4°C. After transferring the 
mixture to a column, the resin was washed with 
10 column volumes of buffer containing 60 mM 
imidazole, and the protein was eluted with buf- 
fer containing 200 mM imidazole. The eluted 
protein was loaded on a Superdex 200 Increase 
10/300 GL SEC column (GE Healthcare Life Sci- 
ences) pre-equilibrated with buffer containing 
20 mM HEPES pH 7.0, 150 mM NaCl, and de- 
tergent (LMNG or BDDM) at twice the critical 
micellar concentration (CMC). Typically, final 
yields ranged from 0.7 to Img purified protein 
per liter of Sf9 cells. 


Light-scattering and refractive 
index measurements 


Recombinant STRAG was purified by metal affin- 
ity chromatography in buffer containing 20 mM 
HEPES, pH 7.0, 200 mM NaCl, 0.025% (w/v) 
BDDM, 0.0025% (w/v) CHS and subjected to 
SEC coupled to UV, dynamic light-scattering, 
and refractive index detectors to determine its 
molecular weight (52). SEC was performed on a 
FPLC (SEC-MALS) system attached to a DAWN 
HELEOS Multi Angle Light Scattering (MALS) 
detector (Wyatt technology). Light-scattering data 
were collected for multiple scans, and molec- 
ular masses and relative contributions to size 
were determined using ASTRA software (Wyatt 
technology). 


Thermostability of STRA6 in detergent 


STRAG was extracted from purified membranes 
by addition of BDDM or LMNG with or without 
CHS. After an initial purification step by metal 
affinity chromatography, each sample was injected 
on a small-scale analytical SEC column (Superdex 
200 5/150GL, GE Life Sciences) to determine con- 
ditions that yielded a sharp monodisperse peak. 
These optimized conditions were subsequently 


used for a thermostability assay (53). Partially 
purified protein was desalted using a PD midi- 
trap G-25 column (GE Healthcare) and separate 
aliquots heated for 10 min over a range of tem- 
peratures from 25° to 70°C. After centrifugation 
to remove aggregated or precipitated protein, the 
supernatant was injected on an analytical SEC 
column in buffer containing 20 mM HEPES pH 
7.0, 150 mM NaCl, and detergent with or without 
CHS. Thermal denaturation curves were con- 
structed by measuring the height of the SEC 
peak measured from samples at each of the 
different temperatures (fig. S1D). The height of 
the SEC peak for sample maintained at 4°C was 
used as control for normalization. The thermal 
denaturation curves were fitted with a Boltzmann 
sigmoidal equation using SigmaPlot (SYSTAT 
Software). 


Protein preparation for cryo-EM 


STRAG6 was purified in buffer containing LMNG 
and CHS in a 10:1 ratio (w/w). After elution from 
Ni**-NTA resin, the protein was desalted and 
reconstituted into amphipol A8-35 (Anatrace) at 
a ratio of 1:3 by weight. The mixture was incu- 
bated for 4 to 5 hours with gentle agitation at 
4°C and the detergent was removed by the addi- 
tion of Bio-Beads (Bio-Rad) and overnight incu- 
bation at 4°C. The reconstituted protein was then 
loaded on a Superdex 200 Increase 10/300 GL 
SEC column (GE Healthcare Life Sciences) equil- 
ibrated in buffer without detergent, to remove 
free amphipol and residual detergent. The eluted 
protein from the peak fractions (at ~0.6 mg/ml) 
was used without further concentration for cryo- 
electron microscopy as described below. 


Zebrafish immunoprecipitations 


Zebrafish heads (3 days post fertilization) were 
resuspended in lysis buffer consisting of 10 mM 
HEPES pH 7.5, 10 mM KCl, 10 mM MgCl2, 0.5 mM 
PMSF, EDTA-free complete protease inhibitor 
cocktail (Roche) and triturated using a syringe 
attached with a 25 gauge needle. Membranes 
were isolated by ultracentrifugation and solu- 
bilized at 1.5 mg/ml protein concentration in 
BDDM for 2 hours, and the insoluble material 
was cleared by ultracentrifugation. For each 
point, a volume corresponding to ~500 mg of 
solubilized protein was diluted to a final volume 
of 1 ml with 100 ul of supernatant from a hybri- 
doma culture, 10 ul of a 50:50 pre-equilibrated 
mixture of protein A-coupled and protein G- 
coupled Sepharose resin (GE healthcare), and 
buffer containing 0.1% BDDM. Assays were incu- 
bated overnight at 4°C under gentle rotation, 
washed three times with 1 ml of 20 mM HEPES 
pH 7.5, 150 mM NaCl, 0.1% BDDM, and eluted 
with 50 ul of 100 mM glycine pH 2.5, 0.1% 
BDDM. 45 ul of the sample was recovered and 
the pH neutralized by transferring to a fresh tube 
containing 5 ul of 1.5 M Tris-HCl pH 8.8. 


Grid preparation and data collection 


3 ul of the central fraction of the peak (0.68 mg/ml) 
was applied to the surface of a holey gold grid, 
prepared in-house from Quantifoil R1.3 carbon 
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grids according to the procedure described by 
Russo and colleagues (54). The grid was blotted 
on both sides using Whatman ashless filter paper 
for 3.5 to 4 s at a blot force of 3 in a Vitrobot 
Mark IV (FEI) at 100% humidity and 4°C, then 
plunged in cooled liquid ethane after a wait time 
of 30 s. 2599 micrographs were collected, as dose 
fractionated stacks (71 frames with a total nom- 
inal dose of 100 e/A?) on a F30 Polara microscope 
(FED) operated in electron counting mode, at a 
nominal magnification of 31000x, with a cal- 
ibrated pixel size of 1.255 A at the specimen 
plane. A single stack was collected from each 
hole (fig. S2G). Pixel size was calibrated by mea- 
suring real space correlation of a known crystal 
structure [Protein Data Bank (PDB) ID 2XOA; 
N-terminal 3 domains of RyR1] to maps calculated 
with a range of voxel sizes for a ryanodine recep- 
tor (RyR1) data set collected on the same mi- 
croscope at the same nominal magnification. 
After gain correction, frame alignment and dose 
correction were performed in UNBLUR (55), and 
CIF estimation in CTFFIND4: (56) (fig. S2F). 2196 
micrographs remained after screening based 
on visual inspection of the aligned averages and 
power spectra. 3000 particles were picked man- 
ually in RELION 1.3, extracted and subjected to 
2D classification. Six classes representative of the 
most common views of the molecule were used 
(with application of a 30 A lowpass filter) to gen- 
erate templates for autopicking as implemented 
in relion_autopick (57). ~300,000 autopicked parti- 
cles were subjected to extensive 2D classification 
to eliminate poor-quality particles and nonprotein 
contaminants. 20 high-quality 2D class averages 
were used to generate candidate initial mod- 
els as references for refinement using EMAN2 
(e2initialmodel.py) (28). After an initial trial re- 
finement of the whole set of particles in RELION 
13 without imposition of symmetry (in which 
secondary structural elements were clearly visi- 
ble), 3D classification (K = 4, T = 4) was per- 
formed without the imposition of symmetry, and 
was used to identify a class of 70,000 particles 
with improved homogeneity (fig. $3), and with 
evident C, symmetry. Refinement of this class 
with application of C. symmetry yielded a map 
with final resolution of 4.18 A according to the 
Fourier shell correlation criterion using the “gold 
standard” protocol (58). Inspection of the density 
map revealed features consistent with the esti- 
mated resolution, including clearly evident helical 
pitch throughout the map, and well-defined den- 
sity for bulky side chains (fig. S5). At this point, 
it was evident that the reference model was of the 
wrong hand (the alpha helices were left-handed), 
and so the correct hand was obtained by reflect- 
ing the map about the X-Y plane using EMAN2 
(e2proc3d.py). After the initial reconstruction, 3D 
classification was rerun with C, symmetry en- 
forced (K = 4, T = 4), allowing identification of a 
further improved class of 56,614 particles, which 
were corrected for the motion of individual par- 
ticles using alignmparts_Imbfgs with an esti- 
mated dose of 1.25 e per frame. Refinement of 
this improved set of polished particles using the 
3D-auto-refine procedure of RELION 1.3 yielded 
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a reconstruction with an estimated resolution of 
3.9 A. The mask used for Fourier shell correla- 
tion calculations was generated by creating a 
10 A low pass filtered map from the atomic model 
using the molmap command of UCSF Chimera, 
and using relion_mask_create to generate a soft- 
edged mask from this map. The map was low 
pass filtered at 3.5A and a negative B-factor of 
-113.68 was applied to enhance visibility of high- 
resolution features using relion_ postprocess. Anal- 
ysis of the orientational distribution of particles 
contributing to the final reconstruction demon- 
strates that STRAG appears to adopt a preferred 
orientation under the conditions used for data 
collection, with the view parallel to the mem- 
brane so that both CaM “legs” are visible being 
the most common (fig. S2A). 


Model building and refinement 


Model building was initiated with the place- 
ment of the N and C lobes of CaM. Both apo- 
CaM and Ca?*-bound CaM structures were tested; 
Ca?*-bound CaM structures showed an excellent 
fit to the density map for both lobes, whereas no 
apo-CaM structure matched the density. Initial 
orientations of the N and C lobes (derived from 
the structure of human Ca?*-CaM, PDB ID 1CDL, 
and mutated in silico to match the sequence of 
Spodoptera littoralis CaM, UniProt ID E3UJZ8) 
were obtained using the Jiggle-fit routine of 
COOT (59). Initial model building of STRA6 was 
informed by previous experimental studies of 
the transmembrane topology (15), computational 
predictions of secondary structure and disordered 
regions using the Xtalpred server (60), and the 
spacing of bulky hydrophobic residues in the 
sequence, which are especially recognizable in 
the density map. Model building was performed 
manually in COOT (59), alternating with cycles 
of automated real-space refinement in phenix. 
real_space_refine (67). All structural figures were 
prepared using UCSF Chimera (62). Analysis of 
clefts and pockets was performed using the 
Voss Volume Voxelator (3V) server with an outer 
probe radius of 10 A and an inner probe radius 
of 3 A (63). Sequence alignments were performed 
using MUSCLE (64) and all sequence alignment 
figures were prepared using Jalview (65). 


Cross validation and model-map 
FSC calculations 


Potential effects of overfitting in the final re- 
fined model were assessed by the following pro- 
cedure. Two maps were calculated from random 
half sets of particles using relion_reconstruct; 
post-processing was performed with the same 
parameters as for the original full map using 
relion_postprocess. One of these maps (the 
“refine” half-map) was used to refine the final 
model, with all atoms randomly displaced by 
0.2 A (phenix.pdbtools sites.shake=0.2) to reduce 
the influence of overfitting on the initial model. 
The final model was used to generate a “model 
map” using phenix.model_map, which, after both 
maps (the model map and the test/refine/full 
maps) were masked using the same soft mask 
as used for resolution calculations, was used 
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for FSC calculations performed with EMAN2.11 
(e2proc3d.py—calcfsc). The FSC curves calculated 
thusly are presented in fig. S6B. 


Mammalian cell culture and generation 
of stable lines 


HEK293 cells were maintained at 37°C, in a 
humidified environment enriched with 5% CO». 
HEK293 cells were grown in DMEM (Gibco) 
supplemented with 10% FBS (Gibco), penicillin, 
streptomycin, and L-glutamine (Pen/Strep/L-Glu; 
Gibco). Zebrafish CRBP1 was cloned into pFM1.2 
and RBP was cloned into pFM1.2R (50) with a 
hexahistidine tag appended to the C terminus. 
Each plasmid was mixed with plasmid carrying 
a puromycin resistance gene (1:5) before cotrans- 
fection using lipofectamine (Invitrogen) or PEI 
(Polysciences) into 293 GnTi cells (66). Stable 
integrants were selected by addition of 5 ug/ml 
puromycin to the growth medium 24 hours after 
transfection. Production cell lines from fluores- 
cent colonies were selected either by FACS sorting 
in Autoclone mode and subsequent visual inspec- 
tion of the resulting colonies, to identify single, 
highly fluorescent colonies, or by manual picking 
of the most intense fluorescent colonies after 
antibiotic selection (50). Expression levels of 
selected colonies were checked by small-scale 
purification tests—performed by metal-affinity 
chromatography—to select the best lines for 
expansion. 


Zebrafish RBP expression 
and purification 


The stable mammalian cell line secreting RBP 
was maintained in DMEM supplemented with 
10% FBS, Pen/Strep/L-Glu, and 5 ug/ml puro- 
mycin. Media was harvested from scaled-up 
cultures as monolayers in 225-cm” culture flasks 
(Costar) after 10 days. After centrifugation to 
remove cell debris, the media was adjusted to 
30 mM HEPES, pH 7.5, 50 mM NaCl, and 5 mM 
imidazole for purification by metal affinity chro- 
matography. After binding to equilibrated Ni?*- 
NTA resin for 30 min, the slurry was transferred 
to a column, washed with 15 column volumes of 
buffer containing 10 mM imidazole, and the pro- 
tein was eluted with buffer containing 200 mM 
imidazole. The eluted protein was desalted using 
PD MidiTrap G-25 (GE Healthcare) and purity 
was assessed by SDS-PAGE. 


Holo-RBP preparation 


Purified zebrafish RBP was precipitated in ice- 
chilled 100% ethanol to remove endogenous ret- 
inol. After ultracentrifugation, the precipitated RBP 
was resuspended in denaturing buffer (50 mM 
Tris pH 8.0, 6.6 M guanidine hydrochloride). Af- 
ter incubation at room temperature for 30 min, 
the sample (1 ml at 5 mg/ml) was slowly added 
drop-wise to a 10 ml ice-cold refolding buffer (0.4 M 
L-arginine, 20 mM HEPES pH 7.5, 100 mM NaCl) 
containing 0.1 mM all-trans retinol (Sigma). All 
the experimental steps were carried out in the 
dark and samples were protected from light at 
all times from this point onwards. The refolding 
mixture was gently agitated overnight at 4°C. 
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After centrifugation to remove aggregates, the 
sample was concentrated to 1 ml, loaded on a 
desalting column (PD MidiTrap G-25, GE Health- 
care) and further purified by SEC (Superdex 200 
10/300, AKTA, GE column) to remove free re- 
tinol. The concentration of eluted fractions was 
determined by Bradford assay (BioRad) (57). The 
success of retinol incorporation was assessed 
by measuring the absorption spectrum of the 
protein samples (Beckman Coulter DU730) at 
260 to 400 nm and confirmed by HPLC (de- 
tails described below in cell-based retinol up- 
take assay section). 


Cell-based retinol uptake assay 


Parental HEK293 cells or a cell line stably ex- 
pressing zebrafish CRBP1 were seeded in six 
well plates at 0.5 x 10° cells per well the eve- 
ning before the experiment and expression con- 
structs transfected in triplicates. '72 hours after 
transfection, the media was replaced with serum 
free DMEM and incubated for an additional 
16 hours in standard cell-maintenance condi- 
tions. Holo-RBP was added to a final concen- 
tration of 1 uM to the medium, and cells were 
maintained as such for 6 hours in standard 
cell-maintenance conditions. To detect retinol 
uptake, holo-RBP-containing media was removed 
from the cells, and these were gently washed 
three times with PBS and harvested by cen- 
trifugation at 800 x g. Cell pellets were resus- 
pended with 300 ul of PBS, frozen on dry ice 
and stored at -70°C. Cells were lysed by repeated 
freeze-thaw cycles. 20 ul of the cell suspension 
was used to determine protein concentration 
by Bradford assay (57) (BioRad), and the re- 
maining 280 ul was extracted with hexane fol- 
lowed by loading on HPLC run in reverse phase. 
Retinol and retinyl ester peaks were separated 
on a 4.6 x 250 mm Denali C18 column (Grace, 
Deerfield, IL) preceded by a C18 guard column 
(PerkinElmer, Waltham, MA) using acetonitrile, 
methanol, and methylene chloride (70:15:15, v/v) 
as the mobile phase flowing at 1.8 ml/min. Quan- 
titative analysis was performed by comparing re- 
tention times and spectral data of experimental 
compounds with those of authentic standards. 


Peptides 


All peptides were synthesized and purchased 
from Bio-Synthesis. Peptide sequences corre- 
sponding to regions in zebrafish STRA6 were 
as follows: CaMBPO. residues 222 to 237 (EDLSS- 
SYY RDYVKKILKKKK); CaMBP1, residues 554 to 
571 (SQSHPVMKAFCGLLLQSS); CaMBP2, residues 
600 to 626 (VVSNAKRARAHWQLLYTLVNNPSLVGSR); 
CaMBP1_2, residues 554 to 571 and 601 to 626 
separated by a flexible 8-resiude linker (SQSHPV- 
MKAFCGLLLQSSGGGEGGGGSNAKRARAHWQ- 
LLYTLVNNPSLVGS R). The peptides were protected 
using N-terminal acetylation and C-terminal ami- 
dation, and purity was confirmed by HPLC and 
amino acid analysis. 


Purification of human CaM 


The vector for human CaM was generously sup- 
plied by L. M. Amzel at Johns Hopkins University 
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in a pET24 plasmid without an affinity tag, which 
was transformed and expressed in Escherichia 
coli strain BL21(DE3) using 0.5 mM IPTG at 37°C. 
Bacterial cell pellets were resuspended in Buffer A 
(50 mM Tris, pH 7.5, 1 mM DTT) and lysed using 
a combination of lysozyme (0.1 mg/ml) and soni- 
cation. The lysate was clarified via centrifugation 
at 15,000 rpm. The resulting protein solution was 
extensively dialyzed against Buffer B [50 mM Tris, 
pH 7.5, 10 mM £-mercaptoethanol (B-ME)] and 
applied to a diethylaminoethanol (DEAE) sepha- 
rose column (Sigma-Aldrich) for initial purification. 
The protein was eluted from the DEAE column 
using a linear gradient of 10 to 35% Buffer C 
(50 mM Tris, pH 7.5, 10 mM B-ME, 1 M NaCl). 
After pooling the protein fractions, the sample 
was dialyzed extensively against Buffer D 10 mM 
Tris, pH 7.5, 500 mM NaCl, 10 mM CaCl, and 
0.25 mM DTT) and applied to a Phenyl Sepharose 
column (Sigma-Aldrich). The protein was eluted 
from the column using a single step of 100% 
Buffer E (10 mM Tris, pH 7.5, 500 mM NaCl, 
10 mM EDTA, and 0.25 mM DTT). As a final 
purification step, the pooled Phenyl Sepharose 
fractions were concentrated to <5 ml and loaded 
onto a Superdex 200 (S200-PG) SEC column (GE 
Healthcare) and eluted using Buffer F {20 mM 
HEPES, pH 7.4, 50 mM NaCl, 5 mM MgCl, 1 mM 
TCEP [tris(2-carboxyethyl)phosphine], and 0.02% 
NaN;} as mobile phase. Throughout the purifica- 
tion process, the fractions containing the pro- 
tein were identified using a combination of 
Bradford Assay and SDS-PAGE, and the final 
protein sample purity was assessed using SDS- 
PAGE and native PAGE (>99%). Pure protein 
was concentrated to 20 mg/ml, flash-frozen, and 
stored in 0.5 ml aliquots at -80°C. 


Isothermal titration calorimetry 


All isothermal titration calorimetry experiments 
were performed using a VP-ITC system obtained 
from MicroCal (Northampton, MA). Samples were 
extensively dialyzed against Buffer G (20 mM 
HEPES pH 7.4, 50 mM NaCl, 10 mM CaCl, 5 mM 
MgCl, and 0.5 mM TCEP), and experiments were 
performed at 37°C. Initial experiments had CaM 
in the syringe at a concentration of 150 to 500 uM 
with each STRAG peptide at a concentration of 15 
to 50 uM in the reaction cell. A series of 30 
injections of 10 ul of protein solution was per- 
formed at 5-min intervals. The reverse titrations 
with CaM in the reaction cell at concentrations 
of 15 to 20 uM and peptide in the syringe at 
concentrations of 150 to 200 uM were also per- 
formed for confirmation of the initial results. 
The data were processed and analyzed with the 
MicroCal Origin 7 software and corrected by the 
heat of injection from the basal heat remaining 
after saturation and confirmed by titration into 
buffer only as a control. For CaMBPO and CaMBP1, 
a one-site binding mode was used to fit the 
data, using a nonlinear least-squares algorithm, 
whereas CaMBP2 was fit using a two-site bind- 
ing mode with a Levenberg-Marquardt nonlinear 
regression model, due to the endothermic inter- 
val before saturation (or initial binding interval 
in the reversed titration). 
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X-ray crystallography on CaM-CaMBP2 
Crystallization experiments were performed using 
sitting-drop vapor diffusion methods as follows: 
CaM-CaMBP2 crystals were set in drops of 1.0 ul 
protein solution containing 20 mg/ml CaM, 
1.2 mM CaMBP2, 20 mM HEPES pH 7.4, 50 mM 
NaCl, 10 mM CaCl, 5 mM MgCl, and 0.5 mM 
TCEP with 0.8% (v/v) DMSO with 1.0 pl mother 
liquor containing 0.1 M imidazole pH 5.5, 28% 
(v/v) polyethylene glycol monomethy!l ether 550. 
Crystals formed over the course of 1 to 10 days at 
a temperature of 281 K before they were har- 
vested. No additional cryo-protection was used 
before flash-cooling into liquid nitrogen. Diffrac- 
tion data were collected remotely at the North- 
eastern Collaborative Access Team using beamline 
24ID-E at the Advanced Photon Source (Argonne 
National Laboratory) at 100 K using an ADSC Q315 
(315 mm x 315 mm) detector. A 1.74 A data set was 
obtained at a wavelength of 0.97919 A with 1.0° 
oscillation for each frame and processed then 
integrated using Mosflm (67) with a space group 
of C121. Diffraction statistics are summarized 
in table S2. Model building was started using 
molecular replacement with a search model de- 
rived from the CaM C lobe of a previously deter- 
mined structure (PDB accession code 1ZUZ) using 
the PHENIX (67) AUTOMR (68) function. The 
models were completed via manual building with- 
in COOT (59) with peptide, ligands, and water 
incorporation guided by the m|Fo| - D|Fc| omit 
maps and iteratively refined with the PHENIX. 
REFINE (69) function. All structure refinement 
statistics can be found in table S2. 
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INTRODUCTION: Developing the chemistry 
of late actinides is hindered by the lack of 
availability of isotopes, the need for specialized 
research facilities, and the nuclear instability 
of the elements. Berkelium represents one of 
the last elements that can be pre- 
pared on a milligram scale in nuclear 
reactors. However, its only available 
isotope, 7*°Bk, has a half-life of only 
320 days, which has greatly curtailed 
the expansion of its chemistry and 
fundamental exploration of how large 
relativistic and spin-orbit coupling 
effects alter its electronic structure. 
Furthermore, data gathered from Bk(III) 
in aqueous media suggest that its co- 
ordination may be different from that 
of earlier actinides. However, a single- 
crystal structure of a berkelium com- 
pound has remained elusive, leaving 
unanswered whether these structural 
changes occur in the solid state. 


RATIONALE: This work focuses on 
characterizing two distinct berkelium 
compounds on the milligram scale. In 
particular, the goal was to obtain crys- 
tals of these compounds that could be 
used in structure determinations and 
physical property measurements. Two 
compounds were selected: a coordi- 
nation complex of dipicolinate and a 
borate. Dipicolinate complexation occurs with 
most other lanthanides and actinides in the +3 
oxidation state, facilitating comparisons across 
the series to discern periodic trends. In the 
borate family, the structural frameworks are 
hypersensitive to the nature of the bonding 
at the metal center and are rearranged ac- 
cordingly. Modeling the experimental data 
using a variety of computational techniques 


The ce 
dipico 


bonding and spin-orbit coupling in deter- 
mining the electronic properties of berkelium. 


RESULTS: Experiments with milligram quan- 
tities of “°Bk were choreographed for 6 months 


Crystal structure of a berkelium coordination compound. 
ntral Bk(III) ion is coordinated by three monoprotonated 
inate ligands in tridentate O,N,O fashion. Bk, yellow; 
C, gray; N, blue; O, red; H, white. 


before the arrival of the isotope because the 
total quantity used in the studies was 13 mg, 
which corresponds to a specific activity of 21 Ci. 
Although this isotope is a low-energy 8 emitter, 
it decays to 7*°Cf at a rate of about 1.2% per 
week, and the latter produces hard y radiation 
that represents a serious external hazard. In 
addition, the samples described in this work 
undergo about 10” decays per second. This rapid 


allows us to deconvolute the role of covalent 
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decomposition necessitated the development 


of techniques for swiftly preparing and encap- 
sulating samples and for collecting all structural 
and spectroscopic data within 24 hours of crystal 
formation. After this preparation, the single-crystal 
structures of Bk(IDtris(dipicolinate) and Bk(IIT) 
borate were determined. The latter compound 
has the same topology as that of californium(ID 
(Cf) and contains an eight-coordinate BkOg unit. 
This reduction in coordination number is con- 
sistent with previous solution-phase x-ray absorp- 

tion measurements and 
indicates that a drop in co- 
Read the full article Ordination number in the 
at http://dx.doi. actinide series from nine 
org/10.1126/ to eight begins at berke- 
science.aaf3762 lium. The magnetic and 
Fi eahtiae sean ee cplicalpivperics artis: 
samples were also measured. The red lumines- 
cence from Bk(III) was similar in nature to that 
of curium(II) and is primarily based on an ff 
transition. The ingrowth of the broad green 
luminescence from Cf(IIT), which is caused by a 
ligand-to-metal charge transfer, was shown to 
be distinct in nature from that originating from 
BkdID. Ligand-field, density functional theory, 
and wave-function calculations were used to 
understand the spectroscopic features and re- 
vealed that the single largest contributor 
to the unexpected electronic properties 
of Bk(III) is spin-orbit coupling. This 
effect mixes the first excited state with 
the ground state and causes a large 
deviation from a pure Russell-Saunders 
state. The reduction in the measured 
magnetic moment for these samples 
from that calculated for an f* electron 
configuration is primarily attributable 
to this multiconfigurational ground state. 


CONCLUSION: The crystallographic 
data indicate that Bk(IID) shares more 
structural similarities with Cf) than 
with Cm(III). However, ligand-field ef- 
fects are more similar between Bk(III) 
and Cm(III). Terbium (Tb), in the lan- 
thanide series, represents the closest 
analog of Bk because the trivalent 
cations possess 4/° and 5f* configura- 
tions, respectively. Spin-orbit coupling 
in BK(IID creates mixing of the first 
excited state (Gs) with the ground state. 
In contrast, the ground state of the 
Tb(IDtris(dipicolinate) contains neg- 
ligible contributions of this type. An 
overall conclusion from this study is that spin- 
orbit coupling plays a large role in determining 
the ground state of late actinide compounds. 
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Berkelium is positioned at a crucial location in the actinide series between the inherently stable 
half-filled 5f” configuration of curium and the abrupt transition in chemical behavior created 
by the onset of a metastable divalent state that starts at californium. However, the mere 
320-day half-life of berkelium’s only available isotope, 7“°Bk, has hindered in-depth studies 

of the element's coordination chemistry. Herein, we report the synthesis and detailed solid-state 
and solution-phase characterization of a berkelium coordination complex, Bk(IIl)tris(dipicolinate), 
as well as a chemically distinct Bk(III) borate material for comparison. We demonstrate 

that berkelium’s complexation is analogous to that of californium. However, from 

a range of spectroscopic techniques and quantum mechanical calculations, it is clear that 
spin-orbit coupling contributes significantly to berkelium’s multiconfigurational ground state. 


eep into the periodic table, the rising mag- 
nitudes of relativistic effects and spin-orbit 
coupling and the associated subtle re- 
arrangement of orbital energies challenge 
our ability to predict and understand the 
chemical and physical properties of heavy ele- 
ments. Recent experiments and computations 
have revealed that models based on monotonic 
changes in electronic structure across heavy ele- 
ment series are overly simplistic and that perhaps 
our current arrangement of the periodic table is 
subject to debate. A case in point is the recent 
determination that the outermost electron of 
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lawrencium (Z = 103) lies in a p orbital rather 
than d as would have been predicted by extrap- 
olating from earlier elements (7). Beyond the 
actinide series, the situation is no less complex 
with superheavy elements like seaborgium (Z = 
106) exhibiting chemical behavior similar to the 
triad above (i.e., Cr, Mo, and W) (2), whereas 
reactivity of rutherfordium (Z = 104) and dub- 
nium (Z = 105) can deviate significantly from 
expectations (3, 4). 

Although the exotic electronic structure of 
superheavy elements is now accepted, the va- 
lidity of simple chemical principles to predict 
electron configuration, and thus chemical behav- 
ior, is questionable throughout the entire actinide 
series. Plutonium demonstrates these qualities 
best, and after seven decades of interrogation, 
only now do we understand that its electronic 
structure must be framed within the context of 
electronic states that are fluctuating on a sub- 
picosecond time scale (5). Similarly, at califor- 
nium (Z = 98) a metastable electronic state is 
observed near ambient conditions that also man- 
ifests in the spectroscopic features of complex 
molecules containing Cf(IID ions (6-10). 

However, as is often true with heavy elements, 
our ability to probe chemical and physical prop- 
erties is hampered by nuclear instability. This 
creates gaps that impede the feedback between 
experiment and theory. One such gap occurs just 
before californium at the element berkelium. 
Berkelium has no long-lived isotopes that can 
be isolated. The only accessible isotope is *“°Bk, 


with a half-life of only 320 days. Compounds 
that contain isotopes with half-lives of less than 
hundreds of thousands of years undergo rapid 
degradation because of the high energetics and 
ionization nature of nuclear decay processes that 
can be up to a million times larger than the 
strength of any chemical bond. 

Although measurements and crystal-field 
modeling of the optical spectra of aqueous 
solutions of Bk(III), as well as solid-state samples 
doped with low levels of Bk(IID and BK(IV), have 
been reported (11-13), single-crystal x-ray anal- 
ysis of a berkelium compound proved elusive 
(14-16). Spectroelectrochemical measurements 
of berkelium’s speciation in aqueous media have 
been accomplished using x-ray absorption spec- 
troscopy and provided evidence that a break in 
the trend of complexation with actinides might 
begin at berkelium (17). This latter study points 
to the need for obtaining high-resolution struc- 
tural data for berkelium compounds to investi- 
gate whether a transition also occurs in the solid 
state (18-20). Furthermore, the optical measure- 
ments obtained from hydrated Bk(ID, LnCls:Bk 
(where Ln is generic for lanthanide), and CeF,:Bk 
do not reveal the full range of the effects of 
ligation on the electronic properties of Bk(IID 
because water and chloride coordination induce 
relatively small electronic perturbations (17-13, 20). 
Data fitting using early crystal-field models, 
based on electrostatic interactions between point 


A 


Fig. 1. Crystallography. (A) Views of the A (lower 
left) and A (upper right) enantiomers of Bk(HDPA)s, 
showing the tricapped trigonal prismatic N30. 
coordination around Bk(III). (B) Depiction of the 
distorted square antiprismatic geometry of Bk(III) 


in Bk[BgOa(OH)e]. 
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charges, did not account for the possible involve- 
ment of the frontier orbitals in bonding (21). 

For meaningful comparisons to be made be- 
tween the chemistry of berkelium and other ac- 
tinides, two divergent systems were selected for 
investigation. The first of these is an archetypal 
coordination complex that forms via the chela- 
tion of An®* cations by 2,6-pyridinedicarboxylate 
[dipicolinate (DPA)] yielding An(HDPA)s-nH,O 
in the solid state (An is Pu, Am, Cm, Bk, or Cf) or 
[An(DPA)]*, [An(DPA),], and [An(DPA),]*" in so- 
lution (6, 19, 22-24). These complexes have a 
predictable coordination environment (a feature 
often absent in the fblock), and serve as a bench- 
mark for examining trends in bond distances, 
spectroscopy, and thermodynamics. The second 
system is one that has proven to be exquisitely 
sensitive to the nature of the actinide ions em- 
ployed in the reaction. In this case, we have shown 
that polyborates form unique structural topologies 
with each of the different actinide ions from Pu(III) 
to Cf(II]) (7-9, 25). 

Experiments with milligram quantities of 
?49Bk were choreographed for 6 months before 
the arrival of the isotope because the total quan- 
tity used in the studies was 13 mg, which cor- 
responds to a staggering activity of 21 Ci. Although 
this isotope is a low-energy f emitter, it decays 
to *“°Cf at a rate of ~1.2% per week, and the 
latter produces hard y radiation that represents 
a serious external hazard. In addition, the sam- 
ples described in this work undergo ~10” decays 
per second. This rapid decomposition necessi- 
tated the development of techniques for swiftly 
preparing and encapsulating samples and col- 


lecting all structural and spectroscopic data within 


24 hours of crystal formation. Crystals of these 
compounds underwent Coulombic explosions 
within 4 days, although they did not exhibit the 
color changes that often occur with high specific 
activity a emitters (6). With the exception of the 
magnetic susceptibility measurements, all of the 
data described below were acquired from iso- 
lated single crystals. 


Synthesis 


?49BkCls-nH.O, freshly prepared at the High Flux 
Isotope Reactor at Oak Ridge National Laboratory, 
was treated with a five-fold excess of dipicolinic 
acid in a 1:1 water:ethanol mixture. The initial 
solution was lime green and emitted faint green 
light as the result of electronic excitation from 
the high specific activity of 7*°Bk (i.e., self- 
luminescence). The addition of DPA resulted in 
an immediate color change and precipitation of 
a golden-yellow crystalline product. Mild heating 
of the reaction mixture led to ripening of the 
microcrystals and formation of golden crystals 
of BkK(HDPA)3-mH,O with an approximate hex- 
agonal prismatic shape (see fig. S1). Much like 
the reaction with Cf(III) (6), the precipitation of 
Bk(HDPA) 3:nH,O was nearly quantitative, and 
little BkCID remained in solution at the end of 
the reaction. This sharply contrasts with curium(ID, 
where a substantial portion of the *““Cm remained 
in solution in the form of [Cm(HDPA)(H2DPA) 
(H,0).Cl]* (20). 


Crystallography 


Single-crystal x-ray diffraction studies revealed 
that Bk(HDPA)3-nH.2O is isomorphous with the 
other members of the trivalent lanthanide and 


actinide series (table S1) (6). In short, the Bk(III) 
ions are complexed by three tridentate, mono- 
protonated dipicolinate ligands, constituting a 
nine-coordinate, tricapped, trigonal prismatic 
coordination environment with approximate D 
symmetry. The nitrogen atoms from the pyridine 
rings are located in the capping positions, and 
the oxygen atoms from the carboxylate anions fill 
the six prismatic sites. Tris-chelate complexes, 
where the metal center is octahedral or nine- 
coordinate, are chiral. The two enantiomers are 
designated A and A, and unless stereoselective 
processes are involved, a racemic mixture of both 
enantiomers should be present in every system. 
Bk(HDPA);-nH,0O crystallizes in a centrosymmetric 
space group, indicating that a racemic mixture 
is present. In addition, a hydrogen-bonding net- 
work is present between the cocrystallized water 
molecules and the berkelium complexes. These 
interactions cause minor distortions of the local 
coordination around the Bk(III) centers. Each 
enantiomer is present in the structure in two dis- 
tinct positions (see A and A’ in Table 1), one more 
distorted than the other because of these inter- 
molecular interactions. A view of the A and A 
enantiomers is shown in Fig. 1A. Table 2 high- 
lights bond distance changes in the tris(dipicolinate) 
series spanning Am(IIJ) through Cf(III). 

The preparation of Bk(III) borate followed the 
same procedure used for preparing all other AndII) 
borates (An is Pu, Am, Cm, or Cf) (9, 25-27) and 
yielded golden tablets of Bk[BgOg(OH)s] (see fig. S2). 
The synthesis and crystal growth of Bk[BgO3(OH)s] 
required 10 days during which time nearly 2% 
of the *“°Bk converted to ““°Cf. We initially posited 
that this compound would remain stable under 


a (SSS SSS SSS 
Table 1. Selected bond lengths (A) for An(HDPA)3 (An is Am, Cm, Bk, or Cf) complexes. 


AmA CmA BkA CfA Am A' 
COPS) nnacima! 2ATA3) A628) AST) 245504) OL. 25073) 2 A96B) 24 
2.483(3) 2.455(3) 


2.459(3) 


2.481(3) 


2.536(4) 


N5 2.591(3) 2.581(4) 


2.440(3) 


2.433(3) 


2.518(4) 


2.558(4) 


2.512(3) 


2.457(3) 


2.531(4) 


2.545(4) 2.573(4) 


Cm A’ Bk A’ Cf a’ 
2.496(3) 2.476(4) 
2.433(3) 


2.501(3) 


2.448(3) 


2.535(4) 


2.569(4) 2.542(4) 2.526(4) 


Table 2. Comparison of bond lengths (A) between the A and A’ molecules of An(HDPA)3 (An is Am, Cm, Bk, or Cf) complexes. 


AmA CmaA 


Longest An-O 2.515(4) 2.509(4) 


2.482(4) 2.468(4) 


2.551(4) 2.532(4) 


Bk A CfA 


2.494(4) 


Am A’ 
2.457(3) 


2.519(4) 


2.449(3) 2.436(4) 2.468(4) 


2.512(4) 2.508(4) 2.532(4) 


Cm A’ Bk A’ Cf A’ 


2.501(4) 2.483(3) 2.477(4) 


2.457(4) 2.442(3) 2.431(4) 


2.519(4) 2.503(4) 


Average An-N 2.564(4) 2.550(4) 
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2.529(4) 2.522(4) 2.554(4) 


2.540(4) 2.526(4) 2.517(4) 
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steady B emission, but the buildup of positive 
charge in the crystals led to violent fracture 
within 4 days of isolation. Bk[BgOg(OH);] has the 
same formula but is not isomorphous with Cf 
[BgO3(OH);] (table S1), but distinct from all 
other actinide borates previously synthesized. The 
Bk(II]) ions are present as eight-coordinate, dis- 
torted square antiprisms (Fig. 1B), in contrast to 
the nine- and ten-coordinate motifs in the Pu(IID, 
Am(II), and Cm(III) borates (9, 25-27). 


Thermodynamics of complexation 


The thermodynamics of Bk(III) complexation 
with dipicolinic acid are presented in Table 3, 
with the association constants presented in table 
S2. The BK(IIT) Bio [BK(DPA)*], Bios [BkK(DPA)2 J, 
and Byo3 [Bk(DPA);"] constants at 25°C and 1.0 M 


ionic strength are larger than values reported for 
Sm(IID), Eu(III), or Gd(II]). These lanthanides 
have ionic radii comparable to those proposed for 
Bk(ID (28). The enthalpic binding contribution 
for the berkelium 1:3 DPA complex is more exo- 
thermic than observed with any of the lanthanide 
dipicolinic acid complexes (23). The 1:1 and 1:2 
complexes are comparable or slightly more exo- 
thermic than other lanthanide DPA complexes. 
The correlation between coordination exo- 
thermicity and degree of bonding covalency is 
a subject of current debate. Comparisons of the 
interactions of aromatic nitrogen donors with 
NddI) and Am(ID, using 2-amino-4,6-di-(pyridin- 
2-yl)-1,3,5-triazine (ADPTZ) have been assessed 
(28-31). The ADPTZ studies show the formation 
of the Am(III)-ADPTZ complex to be 9 kJ-mol* 


nN 
c=) 


5f'6d' 


= 104A Cc 
= 30 
a 0.8 
—= 
os 
ts 25 
C) 
S04 
Q 
lh 7 
8 02 
2 
< 46 

10000 15000 20000 25000 30000 
S B Emission Excitation 
c 
s 
a 
— 
& 
> 
2 
o 
c 
© 
~ 
£ 

15000 20000 25000 30000 

Energy (cm*) 


Energy (10° cm”) 
o a o a 
-—i-Ht Fil 


a 
a: ) 


Fig. 2. Optical spectra of Bk(HDPA)3-nH.,O obtained from a single crystal. (A) Room-temperature 
absorption. (B) Photoluminescence spectrum upon excitation at 420 nm (at 110 K) and excitation spectra 
monitored at 670 nm. (C) Predicted energy levels of 5f° and 5f76d states of BK(III) in DPA and assignment 
of the 680-nm photoluminescence. 


Table 3. Thermodynamic parameters for Bk(III)-dipicolinic acid complexation at 1.0 M ionic 
strength and various temperatures (in molality). 


Temperature (°C) Log B101 Log Bio2 Log Bios 


5 9.30(9) 17.65(4) 23.90(2) 


9.07(7) 17.23(2) 


AS (J mol K+) 


108(5) 209(3) 230(10) 
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more exothermic than the Nd(IID-ADPTZ complex. 
When the thermodynamics of the 1:3 berkelium 
and samarium DPA complexes are considered, 
a A(AH)px/sm for the 1:3 metal:dipicolinic acid 
complex of 9 kJ-mol” is observed. 


Experimental electronic 
structure analysis 


The absence of the greenish self-luminescence 
of Bk(III) upon complexation by DPA is an in- 
dication of increased ion-ligand interactions that 
alter Bk(III) electronic structure and transition 
dynamics. Absorption, excitation, and photo- 
luminescence spectra are shown in Fig. 2 and 
in figs. S3 and S4. The low-lying energy levels 
(<20,000 cm“ or 2.5 eV) of the 5f® electronic 
states do not differ grossly from the corresponding 
states in the aquo complex (11), indicating rela- 
tively small changes in ligand-field splitting. Simi- 
lar to the 5f photoluminescence in Cm(HDPA)s3 
(6, 20), the narrowband emission near 14,700 cm 
(680 nm) most likely arises from an intra-5f* 
transition. As shown in Fig. 2C, the 5000 cm 
energy gap between the emitting state and the 
next 5f° state is critical for the red luminescence 
to be competitive with nonradiative phonon relaxa- 
tion, whereas the smaller gap of ~35,000 cm™ 
above the emitting state effectively eliminates 
green luminescence from the excited state near 
20,000 cm! (1, 12). 

However, starting from 21,000 cm™ in the 
blue and ultraviolet (UV) region, a broad band 
lacking 5f characteristics appears in the absorp- 
tion and excitation spectra. The 6d levels of Bk(IT) 
are much lower in energy than those of Am(III) 
or Cf(IID with the same ligands (8, 11, 12, 32), and 
we attribute this transition in the BK(III) spectra 
to 5f* to 5f" 6d transitions. The narrow and in- 
tense peak at 21,350 cm in the excitation spectrum 
has an energy and bandwidth consistent with 
the scheme of the 5/* states but an intensity on 
the same scale as the parity allowed 5/-6d tran- 
sitions. These observations are consistent with 
crystal-field induced coupling of the 5fand 6d 
orbitals, which is expected in a molecule with D3 
symmetry (11, 12). The overlap of the 5f* and 5f"6d 
states enhances this orbital hybridization. The 
low-lying 6d states and the enhanced 5f6d hy- 
bridization contribute to Bk(ID-ligand bonding and 
coordination and therefore, put Bk(III) in a unique 
position in the heavy actinide group. These studies 
also provide a direct comparison between Bk(III) 
photoluminescence and the in-growth of Cf(III)- 
based luminescence. The latter is ligand-to-metal 
charge transfer-based and is therefore an allowed 
transition. In contrast, although the 5//6d mixing 
does provide some relaxation of the selection rules 
and hence greater intensity than a pure intra-f 
transition, the intensity from the Cf(IID is larger 
than that of the BK(III) despite a sample com- 
position of ~97% 7*°Bk and only ~3% *“°Cf. 


Magnetic properties 

To further elucidate the ligand-field effects on 
Bk(IID, as well as enhance our understanding of 
electronic structure, magnetic susceptibility data 
were measured in the 4 to 300 K temperature 
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Fig. 3. Magnetic properties. Magnetic moment wer versus Tand inverse susceptibility versus T (inset) of polycrystalline samples of (A) Bk(HDPA)3:nH20 and 
(B) Bk[BgOg(OH)s] at 1 kOe. Open circles, experimental data; solid black lines, least-squares fits to full model Hamiltonian. The energy-level diagrams display the 
splitting of the lowest multiplet states and their composition. The dashed black line represents the single-ion contribution of the Bk(III) centers in Bk[BgOs(OH)s] in 


the absence of (antiferromagnetic) coupling interactions. 


range for BK(HDPA)3-nH,O and 7 to 300 K range 
for Bk[Bg0,(OH);] under an applied field of 1 kOe 
(Fig. 3). The experimental tere values of 9.24 tp 
{Bk[B,03(OH);]} and 9.27 uz [BkKCHDPA)3-nH,0] 
at 300 K are close to the simulated value of 9.32 Lg 
derived from spectroscopic data by Carnall (12). 
The susceptibility data were fitted to a full-model 
Hamiltonian (33), where the relevant spin-orbit 
coupling parameter (C = 3210 cm7") and Slater- 
Condon parameters (F” = 57,697 cm", F* = 
45,969 cm“|, and F° = 32,876 cm~) were chosen 
on the basis of the optical spectra of BKCl, (11, 12) 
and used as constants. To restrict the number of 
independent ligand-field parameters, a least-squares 
fit of the magnetic data for BK(HDPA)3-nH,O 
requires assumption of an idealized C3, symmetry 
for the BKN;O, coordination sphere. Initial sets of 
most ligand-field (B*,) (Wybourne notation) pa- 
rameters were again adopted from spectroscop- 
ically determined energy levels for BkC]3; the Bk** 
site symmetry reduction from Ds), (BKCl3) to C3, 
mandates two additional ligand-field parameters 
(B*, and B®,). The signs of the B“, values were 
assigned from point-charge electrostatic model 
calculations for a regular tricapped trigonal prism 
and fixed throughout the fitting procedure. This 
approach resulted in a near-perfect fit (quality of 
fit, SQ = 0.5%), yielding a ligand field charac- 
terized by B’y = 59 cm“, B*y = -870 cm’, B*, = 
150 cm“, B%o = -2310 cm, B®; = -420 cm”, 
and B®, = 800 cm™. The composition of the 
ground term [“F (70%); °G(23%)] is in good agree- 
ment with CASSCF-SO results (vide infra). The 
total splitting of the J = 6 ground state into m; 
substates amounts to 147.9 cm”, with a small 
energy gap of 4.9 cm! between the ground state 
and the first excited state. The observed temper- 
ature dependence of He; (~ 7”) below 15 K arises 
from the composition of the ground state (mix- 
ture of 50% m,; = 0 and 50% m, = 6 states), not 


from exchange interactions. 
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Fig. 4. Illustrations of some of the molecular orbitals involved in bonding in Bk(HDPA)3. These 
orbitals are singly occupied molecular orbital (SOMO) -11 (left) and SOMO-12 (right). The involvement of 


the 5f,3 orbital in SOMO-11 should be noted. 


For Bk[Bg0g(OH)s], bridging borate anions pro- 
vide exchange pathways between neighboring 
Bk** centers; therefore, 5f5/ coupling interactions 
were assumed to be significant and were accounted 
for in a molecular-field approach. Approximating 
the distorted square-antiprismatic geometry of the 
BkOg environments as C,-symmetric, an analogous 
least-squares fit (SQ = 0.7%) then yielded Bo = 
140 cm“, B*y = -910 em, B*, = -550 cm, B®y = 
460 em), Bo, = -860 em, and the molecular-field 
parameter Am, = —9400 mol m™ (corresponding to 
a Weiss temperature of -1.3 K). In comparison to 
Bk(HDPA)3-nH,O, the composition of the ground 
term [“F (73%); °G (24%)] is nearly identical; how- 
ever, the ground state multiplet here is exclusively 
composed of the 7, = 6 states. The total splitting 
of the "F; Russell-Saunders ground state amounts 
to 173 cm™4, with a very low separation (0.4 cm) 
between ground and first excited state (Fig. 3). 


Theoretical electronic structure analysis 
To further understand the bonding in BkK(HDPA)s, 
the electronic structure was analyzed using a va- 
riety of computational approaches. At the density 
functional theory (DFT) level (B3PW91) (34, 35), 
geometry optimizations were carried out sep- 
arately on both independent molecules in the 
asymmetric unit (tables S3 and S4). The opti- 
mized structures are in good agreement with 
those observed crystallographically, affirming the 
capability of DFT to reproduce geometry and 
bond distances even for elements as heavy as 
berkelium. These calculations were also repeated 
with the Cm(IID and Cf(III) analogs, with the 
specific goal of examining trends in the bond dis- 
tances. These data are provided in table S5. The 
bonding situation, although similar for both A 
and A’, was analyzed by scrutinizing the molecular 
orbitals with a focus on the berkelium atomic 
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Fig. 5. Calculated magnetic susceptibility x(T) for the A’ structure. CASSCF-SO calculations. Orbital (my) and spin (mp) magnetization isosurfaces and g 
factors for the ground-state doublet, calculated using the method described in (36) from the septet states only. Doublet components with (Sj) > O along the easy 


magnetic axis. 


orbitals involved in the bonding. Among others, 
the two highest bonding orbitals are depicted in 
Fig. 4. In particular, the 57, orbital is delocalized 
with a 2p orbital from a carboxylate oxygen atom. 
These orbitals involve hybrid 7s/6d/5f orbitals on 
berkelium and are consistent with the energetic 
availability of the 6d orbitals. Therefore, to probe 
the contribution of the 6d orbitals to bonding, 
an f-in-core calculation, as applied to lanthanides, 
was carried out. In this calculation, the 5f° con- 
figuration is kept frozen in the core of the rel- 
ativistic effective core potential (RECP) so that 
the 5f orbital cannot participate in bonding. In 
the latter calculation, the bonding situation is 
very similar to that described in Fig. 4 (see fig. 
$5), indicating that the 6d orbitals are crucial 
to describing the bonding in Bk(HDPA),, as is 
often true in actinide compounds. 

The electronic structure and magnetic properties 
of Bk(HDPA); were also probed using relativistic 
all-electron multireference wave-function theory, 
including spin-orbit (SO) coupling (see the sup- 
plementary materials). The lowest-energy level of 
the free Bk”* ion is “Fy, with L = 3,S=3,andJ=L + 
S = 6. An idealized D, symmetric ligand environ- 
ment would split the 13-fold degeneracy (2J + 1) 
into four non-Kramers doublets (£) and five sing- 
lets (A). The SO interaction mixes ion levels with 
the same J = 6. The calculated electronic states 
deriving from the “Fg level are characterized in 
Table 4 for the 100 K A’ structure. The ground 
state corresponds to a non-Kramers doublet 
that is slightly split due to the distorted D, 
geometry in the crystal. An admixture (~17%) of 
states from the excited °Gg level of the ion con- 
tributes to each entry in Table 4 (table S6 and fig. 
S7). The fact that these states derive mainly 
from the “Fg and °G¢ levels indicates that for the 5f 
shell the ligand-field interactions are secondary to 
the SO coupling, in line with the 5fin-core DFT 
results. The split A’ ground-state doublet can be 
described by a pseudo-spin % Hamiltonian with 
a large electronic g factor along the magnetic axis 
(g = 15.65). As shown in Fig. 5, the calculated 
orbital (L) and spin (S) angular momentum are 
parallel, as expected, leading to a ground state 
with a large magnetic anisotropy. The calculated 
magnetic susceptibility (7) is in reasonable agree- 


ment with the experimental data (Fig. 5, inset). Due 
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to the relatively small energetic spread of the states 
derived from the ‘F; level (417 cm™}) from the 
ligand field, x reflects contributions from several 
electronic states even at relatively low T. See figs. 
S8 and S9 for comparative results of A structure. 

Terbium represents the closest analog of 
berkelium because the trivalent cations possess 
4f° and 5f* configurations, respectively. However, 
the distinct electronic properties of these ele- 
ments is attributable to several factors. First, 
the 5f,s orbital of Bk(II]) overlaps with the 2p 
orbital on the oxygen atoms in the dipicolinate 
ligands. This covalency is absent with the 4/ or- 
bitals of Tb(IID. These ligand-field effects, how- 
ever, are secondary to spin-orbit coupling in Bk(II]) 
that creates mixing of the first excited state (°Gg) 
with the ground state. In contrast, the ground 
state of To(HDPA); contains negligible contribu- 
tions of this type. Furthermore, although spin-orbit 
coupling also dominates the electronic struc- 
ture of Cf(III), the magnitude of ligand-field 
splitting can be an order of magnitude larger in 
Cf(II) than in Bk(IID. Ligand-field effects on 
berkelium are much more similar to that of curi- 
um. Hence, although the structural chemistry 
of berkelium is akin to that of californium, its 
electronic structure is more similar to that of 
earlier actinides. 


Materials and methods 
Syntheses 


Caution! *“°Bk (t2 = 320 d; specific activity = 
1.6 - 10° Ci/g) B-decays to “°Cf (ty. = 351 y; ac- 
tivity = 4.1 Ci/g), which represents a serious 
external hazard because of its y-emission (0.388 
MeV). There is also a small o-decay branch for 
?49Bk that yields °4°Am. While this does not 
contribute in a meaningful way to hazards, 7°Am 
B-decays to °*°Cm. Reports attributing lumines- 
cence near 600 nm to a second **°Bk emission 
feature in the red are in error. This peak is from 
?45Cm (38). All studies with transuranium ele- 
ments were conducted in a laboratory dedicated 
to these studies. This laboratory is equipped with 
HEPA filtered hoods and negative pressure glove 
boxes that are ported directly into the hoods. A 
series of counters continually monitor radiation 
levels in the laboratory. The laboratory is licensed 
by the State of Florida (an NRC-compliant state). 


All experiments were carried out with approved 
safety operating procedures. All free-flowing solids 
were worked with in glove boxes, and products 
were only examined when coated with either 
water or Krytox oil. Thick lead sheets, respira- 
tors, and long lead vests were used as much as 
possible to shield researchers from radiation. 
2,6-Pyridinedicarboxylic acid (99%, Sigma- 
Aldrich), ethanol (100%, Koptec), hydrobromic 
acid (ACS reagent 48%, Sigma-Aldrich), and 
berkelium (7“°Bk) obtained from ORNL in the 
form of BKCl, were used without further purifica- 
tion. PTFE-lined Parr 4749 autoclaves with a 10 mL 
internal volume, and Millipore water were used 
in all of the following reactions. All solvents that 
were used in a glove box were sparged with argon. 


Bk(HDPA)3"nH20 


Bk (4.33 mg, 0.0173 mmol) in the form of BkCl, 
was combined with an excess of DPA (17.2 mg, 
0.1029 mmol) in 200 uL of a 1:1 mixture of ethanol 
and water. The reaction mixture was heated in 
a PTFE-lined Parr 4749 autoclave with a 10 mL 
internal volume for 4 hours at 150°C, and then 
slowly cooled to 40°C over a 22-hour period. The 
reaction was performed inside a negative-pressure 
glovebox that was surrounded by thick lead sheets. 
The reaction yielded gold-yellow crystals that 
had both hexagonal prismatic and columnar 
habits (see fig. S1). 


Bk[Be03(OH)s5] 

Bk (4.33 mg, 0.0173 mmol) in the form of BkCl, 
was dissolved in deionized water (80 mL) and 
transferred to a PTFE-lined Parr 4749 autoclave 
with a 10 mL internal volume. Boric acid (69.6 mg, 
1.125 mmol) was added to the autoclave, and the 
reaction mixture was heated to 240°C for seven 
days. The reaction was cooled slowly over the 
course of three days. The product was washed 
with deionized water to dissolve the excess flux 
and yield small, yellow-orange crystals with a 
tablet habit (see fig. S2). 


Crystallographic studies 


Single crystals of Bk,(HDPA).¢:3H.O and 
Bk[BgO,(OH);] were glued to Mitegen mounts with 
epoxy and optically aligned on a Bruker D8 Quest 


x-ray diffractometer using a digital camera. Initial 
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Table 4. Calculated energetic splitting 
(cm‘) of the low-energy electronic states 
of Bk(HDPA)3 and characterization of the 
wave functions in terms of Bk** ion levels. 


A’ Structure 


State* AE 


74 


126 


185 


EnpP ae ose aS Bee 


278 


*The 13 SO states correspond here to an admix- 
ture of 82 and 17% of the states deriving from the 


ion ’Fe and °Gg levels, respectively. tElec- 
tronic g factors for pseudospin S = 1/2 with g, = 0, 
obtained with the approach of (37). 


intensity measurements were performed using a 
IuS x-ray source (MoKa, A = 0.71073 A) with high- 
brilliance and high-performance focusing multi- 
layered optics. APEXII software was used for 
determination of the unit cells and data collec- 
tion control. The intensities of reflections of a 
sphere were collected by a combination of multiple 
sets of exposures (frames). Each set had a different 
¢ angle for the crystal and each exposure covered 
a range of 0.5° in . Both data collections pre- 
sented in this paper were taken using a set of 
standard hemispheres. Single crystals of each com- 
pound were run both at room temperature and 
100 K. The SAINT software was used for data 
integration including Lorentz and polarization 
corrections. The structure was solved by direct 
methods and refined on F” by full-matrix least 
squares techniques using the program suite 
SHELX (tables S1 and S2). Parameters for Bk 
are not present in the SHELX software and have 
to be inputted manually. Solutions were checked 
for missed symmetry using PLATON (39). 


UV-vis-NIR spectroscopy 


Single crystals of each compound were placed on 
separate quartz slides under Krytox oil. The slide 
was kept inside a Linkam temperature control 
stage for an extra layer of containment through- 
out all the measurements. Using a Craic Tech- 
nologies 20/20 microspectrophotometer the data 
were collected from 250 to 1700 nm (fig. S3). The 
exposure time was auto-optimized by the Craic 
software. Photoluminescence data were collected 
using the same microspectrophotometer with 
excitation wavelengths of 420 nm (fig. S4). The 


Linkam temperature control stage was used to 
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control the temperature from room temperature 
down to 80 K. 


Magnetic susceptibility measurements 
and magnetochemical modeling 


Magnetism measurements were performed on 
polycrystalline samples using a Quantum Design 
VSM Magnetic Properties Measurement System 
under an applied field of 10 kOe for 4 K < 300 K, 
and for 0 < H < 70 kOe at T = 4 K and 50 K. The 
samples were sealed inside two different, custom- 
built Teflon capsules. The outermost capsule was 
also taped closed using Kapton. In order to ex- 
tract the intrinsic magnetic behavior of the Bk- 
containing sample, we subtracted measurements 
of an empty capsule from those of the filled cap- 
sule. All magnetic parameters are given in SI units. 

The dc-susceptibility data were analyzed with 
the program framework CONDON 2.0, employing 
a complete basis set (full f manifolds, i.e., 3,003 
functions for Bk**) (33). Generally, a full model 
is required to accurately reproduce all magnetic 
aspects of 5fcompounds, and CONDON accounts 
for all relevant single-ion effects, in particular the 
ligand-field effect (Aig), interelectronic repulsion 
(H,<), spin-orbit coupling (H,,), and the Zeeman 
effect of an applied field (Hag). Whereas for 
Bk(HDPA)s*nH,O, the nearest-neighbor Bk-Bk 
distances exceed 1.1 nm, which rules out signif- 
icant coupling interactions, for Bk[Bg0g(OH)s] ex- 
change interactions between neighboring Bk?* 
centers in the solid state are considered in the 
molecular field approximation 


Men = Ka (GF Ft BE) = Dent 


where ¥,, is the single-center susceptibility and 
Ame is the molecular field parameter. Positive 
and negative values of Am, indicate dominant 
ferromagnetic and antiferromagnetic interac- 
tions, respectively. 

As full model magnetic simulations of 5f* sys- 
tems had not been performed previously, we 
benchmarked the spin Hamiltonian implemented 
in CONDON against the more comprehensively 
parameterized model Hamiltonian used by Car- 
nall for the interpretation of optical spectra of 
TbCl, (4/%) and BkCl, (5/°), where the M** ions 
reside in D3,-symmetric ligand environments (12). 
Here, the ligand-field operator with reference to 
the threefold rotation axis for the angular part of 
the wave function reads 


N N 
He" = S71 BoC (i) + Y > BoCo (i) 
i=1 i=1 
i ne 
+) ° BECS(é) + S~ BE(C8,(é) + C$(2)) 
i=l #=1 


B‘, parameter values from spectroscopically 
determined energy levels for BkCl; with Ds, 
symmetry were used as starting values in the 
magnetochemical fitting procedure. In order to 
highlight the differences between the 4fand 5f 
analogs, the 4/5fions are first assumed as free 
ions, while both spin-orbit coupling and inter- 
electronic repulsion are considered. This results 
in temperature-independent Bohr magneton 


numbers (tes), Where the lanthanide and acti- 
nide values clearly differ (fig. S6), with a simul- 
taneous reduction of the main component in 
the Russell-Saunders ground term. The latter 
arises from an increase in spin-orbit coupling 
from 4f to 5f and admixture of excited terms 
into the ground term. Addition of the ligand- 
field effect then results in the characteristic 
temperature dependence of eg. A critical im- 
plication is that a simple approximation like the 
Curie-Weiss law generally has no physical mean- 
ing for such actinide species: For both the free 
Bk** ion and the BkCl, simulation, the inverse 
molar susceptibility is linear in temperature (in- 
set, fig. S6) over a broad temperature range, and 
the extrapolated plots do not pass through the 
origin. Note that a finite value of an apparent 
Weiss temperature 0 in such cases cannot be 
interpreted as originating from exchange cou- 
pling. The Bk** multiplet energy levels result- 
ing from the magnetic simulations match the 
energies derived from the crystal field analysis 
by Carnall with high accuracy (SQ = 2%), con- 
firming that the full model spin Hamiltoni- 
an indeed reproduces the ligand-field splitting 
with the spectroscopically derived ligand-field 
parameterization. 


Time-resolved emission, steady-state 
emission, and excitation spectra 


Time-resolved emission, steady-state emission, 
and excitation spectra were collected at room 
temperature using an Edinburgh FLS980 spec- 
trometer. The sample, between two microscope 
slide coverslips, was placed at a 45° angle relative 
to the excitation source and detector. For excita- 
tion and emission spectra, samples were excited 
using light output from a housed 450 W Xe lamp 
passed through a single grating (1800 1/mm, 
250 nm blaze) Czerny-Turner monochromator. 
Emission from the sample was first passed through 
a 515 nm long-pass color filter, then a single grating 
(1800 1/mm, 500 nm blaze) Czerny-Turner mono- 
chromator and detected by a peltier-cooled 
Hamamatsu R928 photomultiplier tube. Time- 
resolved emission was monitored using the 
FLS980’s time-correlated single-photon counting 
capability (1,024 channels; 5 us window) with data 
collection for 10,000 counts. Excitation was pro- 
vided by an Edinburgh EPL-445 picosecond pulsed 
diode laser (444.2 nm, 80 ps FWHM) operated at 
200 kHz. 


Acid association constants 


The acid association constants of dipicolinic acid 
were assessed at appropriate temperatures to 
allow the calculation of free DPA” available for 
complexation. Titrations were performed man- 
ually using a Thermo/Ross semi-micro combi- 
nation pH electrode. To allow work in NaClO, 
media, the filling solution of the electrode, orig- 
inally potassium chloride (KCl) was replaced with 
3.0 M sodium chloride (NaCl) to prevent potas- 
sium perchlorate (KCIO,) precipitation at the 
glass frit. Titrations were also maintained at 
1.0 M ionic strength and were completed under 
a nitrogen atmosphere to prevent carbon dioxide 
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contamination. The measured mV data were con- 
verted to hydrogen ion concentrations using a 
mV versus pcH calibration curve generated in a 
strong acid-strong base titration of HClO, with 
NaOH at 1.0 M total ionic strength. All titrations 
were repeated in at least triplicate and data 
fitting was performed using the fitting program 
Hyperquad. 


Extraction measurements 


All complexation thermodynamics were assessed 
by using competitive solvent extraction inves- 
tigations with bis-2-ethyl-hexyl-phosphoric acid 
(HDEHP) dissolved in o-xylene. The extraction 
constant (K;,) was assessed for berkelium at 
various temperatures. To assess Bj01, Bio2, and 
B1o3 Metal-DPA stability constants, partitioning 
of berkelium and europium between the HDEHP/ 
o-xylene organic phase and aqueous phase with 
increasing DPA concentration was measured. The 
ionic strength of the aqueous phase was main- 
tained at 1.0 M using NaClO,. All phases were pre- 
equilibrated with an appropriate aqueous or 
organic phase prior to use in the distribution 
study at the temperature of a given study. Pre- 
equilibration contact times were five minutes 
and contact times for thermodynamic measure- 
ments were fifteen minutes. The pcH of the 
aqueous phase was measured after contact by 
using a series of standardized acid solutions at 
1M NaclO,. Conversions from molality were 
afforded by density determinations at 22°C. 
The partitioning of °*°Bk was monitored using 
a Packard 2500 Liquid Scintillation counter. All 
thermodynamic constants were fit in QtiPlot 
using nonlinear regression model weighting the 
distribution data (D values) using w = 1/0” 
weighting. Metal K; values were fitted assuming 
equilibria and mass balance relationships previ- 
ously established in the literature (24). 


DFT computational details 


All the structures reported in this study were 
fully optimized with the Becke’s three-parameter 
hybrid functional (34) combined with the non- 
local correlation functional provided by Perdew/ 
Wang (denoted as B3PW91) (35). To represent 
the berkelium atom, a relativistic energy-consistent 
small-core pseudopotential obtained from the 
Stuttgart-K6In ECP library was used in combina- 
tion with its adapted segmented basis set (40-42). 
For the fin-core calculations in which the berke- 
lium’s oxidation state is fixed to +3, the corres- 
ponding 5f-in-large-core ECP (augmented by a 
f polarization function, a = 1.0) was used (43). 
For the remaining atoms the 6-31G(d,p) basis 
set was used (44-48). In all computations, no 
constraints were imposed on the geometry. All 
stationary points have been identified as minima 
(number of imaginary frequencies Nimag = 0). 
The vibrational modes and the corresponding 
frequencies are based on a harmonic force field. 
Enthalpy energies were obtained at T = 298.15 K 
within the harmonic approximation. GAUSSIANO9 
program suite was used in all calculations (47). 
Finally, for the 3D representation of the structures, 
the Chemcraft (49) program was used, as well as 
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for the visualization of the molecular orbitals. 
For details regarding the CASSCF calculations, 
see the supplementary materials. 
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HEALTH ECONOMICS 


Targeting health subsidies through a 
nonprice mechanism: A randomized 
controlled trial in Kenya 


Pascaline Dupas,””*** Vivian Hoffmann,** Michael Kremer,”’** Alix Peterson Zwane™* 


Free provision of preventive health products can markedly increase access in 
low-income countries. A cost concern about free provision is that some recipients may 
not use the product, wasting resources (overinclusion). Yet, charging a price to screen 
out nonusers may screen out poor people who need and would use the product 
(overexclusion). We report on a randomized controlled trial of a screening mechanism 
that combines the free provision of chlorine solution for water treatment with a small 
nonmonetary cost (household vouchers that need to be redeemed monthly in order). 
Relative to a nonvoucher free distribution program, this mechanism reduces the 
quantity of chlorine procured by 60 percentage points, but reduces the share of 
households whose stored water tests positive for chlorine residual by only one 
percentage point, substantially improving the trade-off between overinclusion 


and overexclusion. 


olicy-makers have long debated whether 

developing countries should charge for 

health products such as deworming med- 

ication, malaria medication, mosquito nets, 

water treatment solution, and latrines. 
Multiple studies have found that demand for 
preventive health goods is highly sensitive to 
price (J-4). For mosquito nets, usage appears 
as high among recipients who get them only 
when they are free or nearly free as among those 
able to pay a price of USD 1 or more (2, 5-8). 
However, in the case of water treatment solu- 
tion, Ashraf, Berry, and Shapiro (9) argue that 
households with lower willingness to pay for 
the product when a marketer comes to their 
doorstep are less likely to use it for its intended 
health purpose and more likely to use it for 
other purposes, such as washing clothes or clean- 
ing toilets. Policy-makers may thus be concerned 
that free distribution of products that only part 
of the population values for their health purpose 
can generate wastage. 

This study reports findings from a randomized 
controlled trial that compares three mechanisms 
for allocating dilute-chlorine water treatment 
solution: (i) charging a partially subsidized price; 
Gi) free provision during a clinic visit and a follow- 
up household visit (10); and (iii) combining free 
provision with a screening mechanism designed 
to make the water treatment solution available 
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to those willing to expend a small effort (re- 
demption of a month-specific voucher at a local 
shop) to obtain it. By testing households’ stored 
water for chlorine residual, we assess actual use 
of the product and thus compare the extent to 
which each mechanism generates errors of in- 
clusion (by providing the product to households 
that will not use it to treat water) or of exclu- 
sion (by preventing households that would use 
the product to treat water from obtaining the 
product.) We then examine how the optimal 
choice of mechanism for a policy-maker depends 
on these error rates, the cost of each mechanism, 
and policymakers’ valuation of households’ use 
of the water treatment solution. 

We find that combining free provision with 
a voucher mechanism screens out 88% of those 
who would accept the product under free pro- 
vision but not treat their water, thus markedly 
reducing errors of inclusion, while creating very 
few errors of exclusion relative to free provision. 
Rates of positive residual chlorine tests are al- 
most identical when comparing free distribution 
and voucher provision. The proportion of house- 
holds with water testing positive for residual 
chlorine was 32.9% in the group receiving vouch- 
ers and only 1 percentage point higher, at 33.9%, 
in the group with free distribution. The differ- 
ence is not statistically significant. This suggests 
that the inconvenience of safekeeping and re- 
deeming vouchers screened out very few of those 
who would have used chlorine solution if given it 
directly. 

We also confirm previous findings that al- 
though errors of inclusion are low under cost 
sharing, cost sharing generates many errors of 
exclusion relative to free treatment. Only 12.4% 
of households in the cost-sharing group had chlo- 


rine in their water, many fewer than under either 
form of free treatment. 


Setting and background 


Diarrhea is a major cause of child mortality (ages 
1 to 59 months) globally and in Kenya (JJ). 
Water is a major channel for the transmission 
of diarrheal disease. Dilute chlorine solution kills 
many of the pathogens that cause diarrhea. 
Arnold and Colford (12) review 21 randomized 
controlled trials on the impact of point-of-use 
water treatment with dilute chlorine solution 
and find that access to point-of-use chlorination 
reduces reported child diarrhea by an average 
of 29% overall (13). Dilute chlorine solution is 
socially marketed in many countries by the non- 
governmental organization (NGO) Population 
Services International (PSI), which receives do- 
nor support. 

The study took place from November 2007 
to September 2008 in western Kenya, a region 
with the second highest prevalence of child di- 
arrhea in Kenya (/4). In addition to free govern- 
ment provision during epidemics, the primary 
approach to distribution of water treatment so- 
lution in this area had been social marketing 
and sales to households through retail shops. 
PSI began marketing 150-ml bottles of dilute 
chlorine solution branded as “WaterGuard” in 
Kenya in May 2003. These bottles, expected to 
last a household 30 to 50 days (15-17), were 
sold at a price of 20 Kenyan shillings (Ksh) at 
the onset of this study, around US$ 0.30 at the 
exchange rate at that time (J8, 79). Although 
brand recognition for WaterGuard is high, as 
is reported understanding of the potential ben- 
efits of the technology, take-up of water chlorin- 
ation in rural western Kenya is low. Kremer et al. 
(20) report that only 7% of rural households in 
this part of Kenya were using chlorine to treat 
their drinking water, a rate typical of many 
other rural African settings. Point-of-use water 
treatment requires repeated, proactive behavior 
on the part of households even when the tech- 
nology is offered free of charge. Previous work 
in the region has found that the rate of verified 
water treatment is around 50% when chlorine 
solution is provided free, but encouragement 
and reminders are relatively infrequent (20, 27). 
Limited use could be due to a number of fac- 
tors, including aversion to the taste of chlorine, 
particularly if dosing is too high or water is con- 
sumed too soon after treatment. 


Methods 


Parents of children aged 6 to 12 months, an age 
group at high risk for mortality due to diarrheal 
disease, were recruited from the waiting rooms 
of four rural maternal and child health clinics in 
Busia District. Once enrolled, study participants 
were administered a baseline survey on basic 
demographics, current water treatment practices, 
knowledge about waterborne illness and diarrhea 
prevention, and child health. At the end of the 
survey, the 1118 participants in this study sample 
were randomly assigned to one of three exper- 
imental arms by choosing an envelope from a 
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bag full of identical envelopes, each containing 
a letter corresponding to one of these arms. Once 
the respondent selected an envelope and revealed 
the letter, the enumerator offered the correspond- 
ing treatment. The supplementary materials pro- 
vide additional information on methods and 
sampling. Table S1 presents baseline character- 
istics of our study sample, as well as tests of bal- 
ance across the treatment arms. Because the 
baseline survey was administered in waiting 
rooms of clinics and not at respondents’ homes, 
no water test could be performed at baseline, 
and therefore we cannot test for baseline bal- 
ance on the primary end point of interest (pres- 
ence of chlorine in drinking water at home). 

In each of these experimental treatments, 
participants were offered the opportunity to ob- 
tain sufficient water treatment solution to last 
them much beyond the time of the follow-up 
survey, which was conducted during a home 
visit 3 to 5 months later. Comparing take-up and 
usage at follow-up across these groups thus al- 
lows us to identify the targeting effects of vary- 
ing the price and effort cost of obtaining the 
product. The three experimental treatments were 
as follows: 


Cost sharing treatment 


Water treatment solution was made available 
for immediate purchase at a 50% discount off 
the retail price. Participants could purchase up 
to five 150-ml bottles of the solution (enough 
to last approximately 5 to 8 months), at 10 Ksh 
per bottle. 


Vouchers treatment 


Twelve vouchers, each redeemable for one 150-ml 
bottle of water treatment solution at either a local 
shop or the clinic itself, were provided. Each 
voucher was marked for a specific month, for 
the next 12 consecutive months, and participants 
were given a calendar to track the expiration 
of vouchers. 


Free delivery treatment 


Two 500-ml bottles of water treatment solution 
were provided, one immediately and the second 
given during the follow-up survey conducted at 
the participant’s home, 3 to 5 months later (22). 


At the time they received the first bottle, partic- 
ipants were informed that they would receive a 
second bottle later. This supply of 1000 ml of 
water treatment solution was expected to last 
approximately 7 to 11 months. 

A follow-up was conducted at participants’ 
homes 3 to 5 months after enrollment. Details 
on the methods and attrition at follow-up sur- 
vey are provided in the supplementary mate- 
rials and methods. 


Results 


Table 1 presents dilute chlorine procurement 
(“take-up”) by treatment arm. Whereas take-up 
in the free delivery arm was nearly universal 
(everyone took the first bottle of water treat- 
ment solution offered at the clinic, and only 
about 1% of participants refused to accept the 
second bottle offered during the follow-up home 
visit), only 13.4% of the five bottles offered for 
sale were purchased in the cost sharing group 
[just over half (51.9%) of those in the group 
purchased a bottle, and few purchased more 
than one] (23). 

Take-up in the vouchers group was higher, 
with 39.8% of the 12 monthly vouchers redeemed 
per household (85.3% of households redeemed at 
least one voucher). Analysis presented in table S2 
indicates a positive relationship between house- 
hold wealth and purchase of water treatment 
solution in the cost sharing group, but a negative 
association between wealth and procurement in 
the vouchers group. 

Table 2 shows water treatment at follow-up 
by arm. The first row shows the unconditional 
proportions of participants in each treatment 
group, with a positive chlorine test among those 
with stored drinking water at the time of the 
survey, while the second row shows coefficients 
and standard errors from a regression of posi- 
tive chlorine tests on treatment arm and baseline 
variables from table S1, stratification variables 
(clinic and survey wave indicator variables), and 
time since enrollment. The two sets of results 
are very similar. We focus our discussion and 
analysis on the specification conditional on controls. 

Table 2 confirms the earlier literature showing 
that user fees create substantial exclusion errors 
relative to free delivery: The proportion of house- 


holds with a positive chlorine test was only 12.4% 
in the cost sharing group, 21.5 percentage points 
lower than in the free delivery group. 

Table 2 also presents the more novel finding 
that is the main result of this study: The rates of 
positive residual chlorine tests in the free deliv- 
ery and vouchers groups are almost identical. In 
the vouchers group, 32.9% of households had 
water testing positive for residual chlorine. In 
the free delivery group, 33.9% tested positive, so 
the point estimate of the difference was only 1.0 
percentage point (and this was not statistically 
significant). The 95% confidence intervals for 
the vouchers and free delivery groups are [25.3, 
40.5] and [26.3, 41.5], respectively. Results are 
very similar and also do not differ statistically 
when restricting attention only to those house- 
holds sampled at 3 or 4 months after enroll- 
ment, which collectively account for 80% of the 
sample: At 3 months, the difference between 
free delivery and vouchers groups was 1.4%; at 
4 months the difference was 2.7% (see table S3). 
This indicates that results are not driven by 
households in the free delivery group running 
out of chlorine. The share of households that 
report running out in that group at the time 
of follow-up was 15.1% (13.6% for those surveyed 
after 3 months) (24). 

Although we cannot directly test whether the 
same households that use the water treatment 
product under free delivery would also use it 
under the vouchers scheme, we can test whether 
confirmed users under the two schemes have 
similar characteristics. We do this in table S4, 
which shows, for the subsample of individuals 
in either the free delivery or vouchers groups, 
the coefficient estimates of a regression of con- 
firmed water usage on baseline characteristics 
and interactions between baseline character- 
istics and the vouchers treatment. We cannot 
reject the null that users under the two schemes 
are selected along identical characteristics, which 
suggests that those who did not redeem vouchers 
would likely not have used them under free delivery. 

Together, the results so far suggest that im- 
posing the inconvenience of redeeming time- 
stamped vouchers does not substantially reduce 
water treatment relative to free distribution. Rel- 
ative to free distribution, the voucher-allocation 


Table 1. Take-up by treatment. Sources: Records from baseline survey (columns 1 to 3, 7); redemption data were collected from participating retailers 


(columns 4 to 6). 


1 2 3 4 5 6 7 
P Free 
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mechanism reduced errors of inclusion substan- 
tially (by 58 percentage points) and had almost 
no impact on errors of exclusion. Combining free 
provision with a voucher mechanism achieves 
most of the benefits of free treatment, while elim- 
inating most of the downside of potential wastage 
due to errors of including people who would not 
use the product to treat water. As discussed more 
formally in the next section, our point estimates 
imply that unless a policy-maker is willing to 
accept almost 60 exclusion errors to avoid one 
inclusion error, the policy-maker will prefer a 
voucher screening mechanism to free delivery. 

Although the effort required to redeem vouch- 
ers was not varied experimentally in this study, 
we can use variation in the location at which 
vouchers could be redeemed to generate a mea- 
sure of the strength of the nonprice screen. Spe- 
cifically, shops where the vouchers could be 
redeemed were in the nearest market center for 
22% of respondents. Table 3, column 1, shows 
that participants who could redeem vouchers at 
the nearest market center were 15.3 percentage 
points more likely (adjusted P-value: 0.034) to 
have redeemed a voucher in the month before 
the follow-up interview than those who had to 
go further out of their way to do so, conditional 
on stratification variables (enrollment wave and 
clinic), time since enrollment, and baseline co- 
variates. However, these participants were only 4.4 
percentage points more likely (adjusted P-value: 
0.532) to be using the solution to treat their water, 
according to chlorine test results (Table 3, column 
2) (25). Distance to the redemption point was not 
randomly assigned, so it is possibly correlated 
with characteristics that were not measured at 
baseline and therefore not controlled for in the 
analysis. Future work could experimentally vary 
the location of voucher redemption to test the 
hypothesis that less onerous nonprice screening 
mechanisms generate higher take-up, but are 
less effective at screening out those who do not 
use a good for its intended purpose. 


Optimal policy 

To formally examine the optimal choice of mech- 
anism for a policy-maker, let V denote the policy- 
maker’s valuation of providing water treatment 
solution to a household that has children at risk 
of mortality from diarrheal disease and that will 
actually use the water treatment solution for its 
intended purpose. The policy-maker therefore 
seeks to maximize total value minus the total 
cost of the subsidy, or VN, — C,»Tim, Where the 
subscript m denotes the mechanism, N denotes 
the number of households using water treatment 
under mechanism m, C,,, denotes the subsidy per 
household obtaining water treatment under mech- 
anism m, and 7;,, denotes total take-up—i.e., the 
number of households that obtain chlorine solu- 
tion under mechanism m. The policy-maker will 
prefer changing from delivery mechanism a to 
mechanism 0 that expands take-up relative to 
mechanism a, if and only if VIN, — N,) > CyT; - 
C,T,, which we can rewrite as 


VNo - Na) > Co(Ty - Ta) +(Co- CT =) 
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The left-hand side of inequality (1) is the value 
to the policy-maker of additional chlorine usage, 
and the right-hand side is the cost to the policy- 
maker of achieving this change, which consists of 
the cost of reaching marginal consumers, C,(T;, - T,), 
plus the cost of further subsidizing inframar- 
ginal consumers who would have obtained 
water treatment solution in any case, (C, - C,) 
T,. In the special case in which the cost to the 
policy-maker per taker is the same under the 
two mechanisms (C; = C,= C), this expression 
simplifies and can be expressed as (N,, - N,)/ 
(Ty - T,) > C/V, so that the ratio of new users to 
new recipients must be greater than the ratio 
of the subsidy per taker to the policy-maker’s 
valuation of health. If the cost per user under 
method b (which achieves higher take-up) is 
greater, as will typically be the case, then this 
condition will be necessary (but not sufficient) 
for method 6 to be preferred. 

Clearly, if policy-makers have a low enough 
valuation of a targeted household treating its 
water (any value less than the cost of the treat- 
ment and extending up to some range above 
this), they will want a positive price (either no 


subsidy or a subsidy that does not bring the 
price to zero). If policy-makers have a high 
enough valuation, they will prefer free house- 
hold delivery. However, our estimates imply that 
it is possible to make a product available for free 
with little wastage, and hence that there will be 
a broad range of valuations over which they will 
prefer combining a full subsidy with a nonprice 
screening mechanism (26). 

Table 4 summarizes the material cost of water 
treatment solution per additional user reached 
under the policy changes considered. The first 
column shows the change in chlorine usage for 
100 subsidized doses, and columns 2 to 5 spell 
out the components of the two terms on the 
right-hand side of inequality (1). Column 6 in- 
dicates the total material cost per additional 
user, abstracting from differences in delivery 
costs. The first row of Table 4 illustrates the 
binary choice between cost sharing and free 
delivery, excluding the option of a voucher screen- 
ing mechanism. Relative to cost sharing, delivering 
chlorine free of charge to users increases the pro- 
portion of households that obtain it by 86.6 per- 
centage points, from 13.4 to 100% (columns 3 


Table 2. Positive chlorine test at follow-up (3 to 5 months after intervention). Adjusted differences 
are computed from coefficients in a linear regression of the outcome (positive chlorine test at follow-up) 
on treatment indicators, controlling for clinic, recruitment wave, time since interview, and baseline controls 


shown in table S1. Standard errors are in parentheses. 
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Table 3. Take-up and usage by distance to redemption point. Standard errors are in parentheses. 
Data are from participants in the vouchers treatment whose chlorine use was observed at the follow- 
up interview (data on location of home is not available for attriters; chlorine test results not available 
for those without stored water at time of survey). Adjusted differences are computed from coefficients 
in a linear regression of each outcome on treatment indicators, controlling for clinic, enrollment wave, 
time since interview, and baseline controls shown in table S1. 
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and 7 in Table 1), and increases the proportion of 
verified chlorine users by 21.5 percentage points, 
from 12.4 to 33.9% (columns 1 and 3, second row 
of Table 2). This implies that 4.03 additional doses 
of water treatment solution have to be delivered 
for every additional dose used (86.6/21.5) (27). 
Moreover, under free delivery the policy-maker 
fully subsidizes water treatment for the 13.4% 
of households that would purchase at the cost- 
sharing price (28). This adds a cost equivalent 
to 0.31 doses per additional user [(13.4 x 0.5 dose)/ 
21.5 = 0.31], which brings the total cost to 4.34 doses 
for every new user (29). If a policy-maker has a 
high value of health, this could be a cost worth 
bearing to achieve high coverage, but a policy- 
maker with a lower value of health may choose 
a cost-sharing approach. 

Once the possibility of a voucher screening 
mechanism is introduced, policy-makers with 
a broad range of valuations of health will prefer 
this approach to either cost sharing or full sub- 
sidy via free delivery (30).This result is shown in 
rows 2 and 3 of Table 4. Moving from cost sharing 
to a voucher-based screen implies that the policy- 
maker must provide 1.7 additional units of treat- 
ment solution for every additional chlorine-using 
household. To see this, it is apparent that in the 
vouchers treatment, 41.1% of recipients redeemed 
a voucher in the month before the follow-up visit, 
and 39.8% of total vouchers were redeemed over 
the 12-month span of their validity (columns 5 
and 6, Table 1). Based on the prior-month re- 
demption figure and the adjusted confirmed 
usage rate of 32.9% (Table 2, column 2) in this 
group, the proportion of households obtaining 
chlorine increases by 27.7 percentage points, 
relative to cost sharing, while the proportion 
of users increases by 20.5 percentage points, 
relative to cost sharing. Thus, moving from 
cost sharing to a voucher-based screen implies 
that the policy-maker must provide 27.7/20.5 = 


1.35 additional units of treatment solution for 
every additional household with confirmed chlo- 
rine residual. Adding the cost of fully subsidizing 
those who would use under cost sharing, as cal- 
culated above, brings the full cost of the policy 
change to 1.68 units per new user. 

If the additional value (beyond that of the 
household itself) that policy-makers place on 
a household treating its water is less than the 
cost of one dose, then they would not want to 
fully subsidize treatment. If they value it at 
between 1 and 1.68 times the cost of a dose, 
then the wastage associated with a voucher- 
based approach would lead them to reject such 
a program. If water treatment is valued above 
1.68 times the cost of a dose, voucher programs 
are potentially attractive. 

Moving from vouchers to universal free de- 
livery, under which 33.9% of households were 
confirmed to be chlorinating at the follow-up 
visit, entails providing 58.9 additional units of 
treatment solution to reach one additional using 
household (100% take-up under free delivery 
minus 41.1% coupon redemption to achieve an 
increase of 1% in usage). If the value of reaching 
that one additional household is extremely high, 
a policy-maker might choose the free delivery 
mechanism. However, it is easy to see that for a 
wide range of values placed on the health of this 
34th household, the voucher mechanism would 
be preferred to full subsidy via free delivery, as 
it is substantially cheaper. 

We can be more specific about how policy- 
makers’ decisions will depend on their valua- 
tion of averting a disability-adjusted life year 
(DALY) and their expectations about the num- 
ber of DALYs saved per household chlorinating 
their water (37). For the purposes of illustration, 
we use the estimated impact of point-of-use chlo- 
rination on diarrheal disease reported by Arnold 


and Colford (12) and assume that the reduction 


in child deaths achieved through treatment of 
drinking water is roughly proportional to diarrhea 
cases averted. (If policy-makers believed that 
water treatment is half as effective as implied 
by these assumptions, they would simply require 
valuations twice as high as those reported here 
to make each decision.) Using estimates of the 
total under-5 mortality rate and under-5 diar- 
rheal mortality rate in Kenya provided by the UN 
Inter-agency Group for Child Mortality Estima- 
tion (32) and Health Epidemiology Reference 
Group (33), respectively, a policy-maker would 
arrive at estimates of the material costs per DALY 
and life saved via water treatment shown in 
columns 7 and 8 of Table 4. Underlying data and 
assumptions are described in the supplementary 
materials and methods. 

In this example, setting aside issues of dif- 
ferences in distribution costs between the op- 
tions, policy-makers who value a DALY saved 
at between $70 and $2475 (or a statistical life 
at between $2134 and $74,921) will prefer the 
voucher screening approach to the other op- 
tions. The range of valuations for which the 
voucher approach is preferred is very wide, en- 
compassing values far below the very stringent 
standard of $246 per DALY corresponding to 
the current dollar value of the $150/DALY thresh- 
old implicitly suggested by the World Bank in the 
1993 World Development Report (34, 35) and 
extending above the more generous approach 
taken by the World Health Organization (WHO) 
(36, 37) of considering interventions costing less 
than the gross domestic product per capita of 
the country (currently $1245 for Kenya) as high- 
ly cost effective. Policy-makers with valuations 
below $70/DALY would likely prefer cost sharing, 
whereas policy-makers with valuations above 
$2475/DALY would prefer free distribution. 

This analysis considers only the cost of the 
water treatment itself. Administering a voucher 


Table 4. Policy comparisons. Calculations reflect material cost of water treatment solution only; differences in delivery costs are not included. “Dose” refers to a 
yearly dose (12 bottles of 150 ml). At the time of writing, the exchange rate was Ksh 103 to USD 1; thus, a yearly dose costs (12 x 20)/103 = USD 2.33. 
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system could generate some additional costs rel- 
ative to a partial subsidy system without vouch- 
ers; the magnitude of these costs is an important 
question when considering operationalizing such 
a program. Similarly, free household delivery 
would be substantially more expensive than a 
voucher system. Although delivering a 500-ml 
bottle at the clinic is relatively cheap, because 
children are vulnerable to diarrhea until age 5 
and because dilute chlorine solution has a limited 
shelf life (8 months from the date of manufac- 
ture, so 6 to 12 months given distribution lags), 
additional bottles would have to be provided 
later on. Arranging for these to be delivered to 
households would be very expensive relative to 
vouchers (38). This suggests that only policy- 
makers with a very high valuation of health 
would prefer free delivery to a voucher system. 


Discussion 


Ashraf et al. (9) report that use of a price mechanism 
to target a preventive health product—dilute chlorine 
solution for water treatment—disproportionately 
targets those who will use it, but also excludes 
many potential users. The results presented here 
suggest that combining free provision with a 
nonprice screening mechanism—requiring peo- 
ple to redeem vouchers—can also greatly reduce 
wastage but without a corresponding increase in 
the exclusion of those who would use treatment. 
This study makes several contributions. First, it 
extends a literature in economics on “ordeal mech- 
anisms” as targeting mechanisms. Second, the 
findings demonstrate proof of concept for a novel 
approach to the distribution of water treatment 
solution. 

An existing literature in economics discusses 
the effectiveness of “ordeal mechanisms,” such 
as requiring work for welfare, in targeting re- 
distributive transfers to the poor (39, 40). For 
example, some food subsidy programs focus on 
coarser grains that richer households are less 
likely to consume to reduce errors of inclusion 
of richer households. This study takes the idea 
in a new direction, by examining the extent to 
which what might be termed “micro-ordeals” 
can target merit goods (goods for which the 
policy-maker values consumption beyond the 
value at which the household values consump- 
tion) to those who will use them as intended by 
the policy-maker. We provide evidence that time 
and money costs have different selection prop- 
erties, and in particular that compared to free 
delivery, charging selects a richer group of house- 
holds to obtain water treatment, whereas a 
voucher system selects a poorer group of house- 
holds, consistent with a model in which richer 
households have a higher value of time. This 
differential pattern of selection suggests that 
price-based selection mechanisms are unlikely 
to be able to duplicate the pattern of selection 
created by the voucher redemption mechanism. 
To the extent that poorer households are more 
likely to experience mortality from diarrheal dis- 
ease, the voucher system induces a pattern of 
selection that is likely to yield greater health 
benefits per person treating their water. 
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There are several possible reasons why, in 
our context, willingness to redeem vouchers pre- 
dicted usage well, whereas willingness to pay a 
monetary cost led to many errors of exclusion of 
those who would use the water treatment so- 
lution. Perhaps households with a low valuation 
of time were more likely both to redeem vouch- 
ers and to use water treatment solution. Perhaps 
households that are motivated and organized 
enough to safekeep and redeem vouchers were 
also motivated and organized enough to treat 
their water, but labor market imperfections made 
it difficult for these households to convert their 
time to money that could be used to purchase 
the product. 

Such micro-ordeal screens could potentially 
be used more broadly. For example, it might 
be the case that having to fill out application 
forms to apply for a college scholarship targets 
students who will later study diligently and thus 
use the college education most productively. As 
this example indicates, such judgments will 
have to be made on a case-by-case basis using 
the empirical evidence for that case. In some 
cases, a micro-ordeal might be insufficient to 
screen out people who would use a product in 
a way other than the policy-maker intended. For 
example, in the same area of Kenya, Cohen et al. 
(41) find that, conditional on having an episode 
of fever, willingness to pay the effort cost of 
visiting a local drug shop to redeem a voucher 
for highly subsidized antimalarial medication is 
poorly correlated with actual malaria status— 
specifically, 44% of those redeeming an antima- 
larial voucher do not have malaria (but think 
they do). This is due to poor access to accurate 
malaria diagnosis combined with the very high 
benefit of appropriately treating malaria when it 
truly is the underlying cause of the fever. Ma et al. 
(42) find that 90% of households in China re- 
deem vouchers for free prescription eyeglasses 
for myopic children, even though less than half 
of the children end up wearing the eyeglasses 
regularly. This could be because for such a pro- 
duct, as in water chlorination, users need to try 
the product out to know the usage cost, and the 
option value of learning outweighs the redemp- 
tion cost for most households. Unlike water 
chlorination, eyeglasses cannot be distributed 
in monthly doses, so the voucher mechanism 
cannot be used to screen out, over time, those 
who have learned that the usage costs are too 
high for them. In other cases, almost everyone 
who takes a product distributed for free may 
use it as intended, so there is no need for a micro- 
ordeal. [See, for example, (6) on antimalarial 
bed nets.] 

Because many real-world free distribution 
programs do not involve in-person free deliv- 
ery, but instead require those seeking a product 
to make some effort to obtain the product, our 
results suggest caution in extrapolating adop- 
tion rates from studies in which surveyors visit 
households and offer highly subsidized or free 
products, to predict the impact of scaled pro- 
grams in which households must expend some 
effort to obtain a subsidized product. The very 


high uptake rate of dilute chlorine solution in 
the free delivery arm is consistent with the hy- 
pothesis that respondents who knew they were 
unlikely to use chlorine solution might have been 
reluctant to turn down the free gift because this 
might be perceived as rude or as signaling a lack 
of commitment to child health. To reduce the 
possibility of experimenter demand effects, it 
may be better to assess demand for products 
by examining whether households redeem cou- 
pons for products because this does not involve 
an enumerator directly observing the action of 
the survey respondent. 

A voucher-based subsidy for water treatment 
solution seems potentially scalable. The NGO 
PATH and the U.S. Centers for Disease Control 
and Prevention have explored a similar approach 
of distributing dilute chlorine through antenatal 
clinics in Malawi (43), and the Tanzania National 
Voucher Scheme (44) provides a discount vouch- 
er for insecticide-treated mosquito nets to pregnant 
women and parents of young children through 
health centers. Vouchers could easily be bundled 
in safe birthing kits, which are an increasingly 
common intervention, and could also be imple- 
mented electronically using mobile phones. 

There are several reasons that a voucher pro- 
gram could be appealing, in addition to avoiding 
wastage. One advantage of this approach is that 
it facilitates targeting subsidies to particular 
populations—in this case, households with young 
children at risk of diarrheal mortality and mor- 
bidity. Also, a voucher-based subsidy complements 
the existing system of social marketing by gen- 
erating more business for shops that sell dilute 
chlorine solution, which may encourage shops 
to carry the product and avoid stockouts. To 
the extent that this approach leads households 
to continue using chlorine solution after their 
children have passed the age at which subsi- 
dies are provided, it may have broader benefits 
(45). As discussed further in the supplementary 
materials, vouchers also seem to target the poor, 
whereas richer households are more likely to 
adopt vouchers under cost sharing. Insofar as 
children from poor households may be at highest 
risk of diarrheal mortality and other outcomes 
such as stunting, this represents another advan- 
tage of free distribution through vouchers. Such 
a program, if implemented through the health 
care system (i.e., vouchers distributed during 
well-baby checkups), would also provide at least 
some increased incentive for households to bring 
children into clinics. 

We note three limitations of this study. First, 
we do not report on health outcomes. Self-reported 
diarrhea in the context of a trial through which 
recipients were provided free water treatment 
solution may be subject to bias, and collection of 
observational data on this outcome was beyond 
the available budget. Second, the volume of water 
treatment solution offered to participants differed 
across treatments for logistical reasons. Although 
analysis of subgroups by time of follow-up data 
collection indicates that results were not driven 
by households differentially running out of water 
treatment solution across arms, it is possible that 
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larger quantities were interpreted as a signal of 
lower quality. However, this seems unlikely be- 
cause all groups were given the same information 
on the importance of treating water with chlorine 
and on the potency of the product. Finally, al- 
though we show that screening with a voucher 
mechanism eliminates most of the wastage of 
water treatment solution associated with free 
delivery, with very little cost in terms of reduced 
water treatment, owing to budget constraints, 
we could not examine the full space of potential 
policies. Given our results, it would be of consid- 
erable intellectual interest for future work to 
examine a range of nonprice mechanisms, a range 
of prices, and the space combining price and 
nonprice mechanisms in various combinations 
(for example, by requiring households to both 
travel to a redemption center to redeem vouchers, 
and to make a payment), as well as the health 
consequences of the differential patterns of selec- 
tion of different mechanisms. Because this space 
is extensive, fully exploring it would likely require 
multiple studies. 

Future work could also formally examine a 
range of potential underlying mechanisms. For 
example, the finding that price and nonprice 
mechanisms have different patterns of heter- 
ogeneous effects with assets is consistent with 
the idea that liquidity constraints play a major 
role, as shown in previous work on mosquito 
nets (46). By examining a finer range of subsidy 
levels between 50 and 100% and by more fully 
examining heterogeneity among households with 
different levels of assets, it might be possible to 
test the hypothesis that a substantial fraction of 
households are severely credit constrained, with 
zero or extremely limited liquid assets but with 
access to labor that cannot easily be transformed 
into liquid assets, and thus that even if the price 
were as low as a single Kenyan shilling, rates of 
water treatment would be substantially lower 
than under free delivery, and thus that it would 
not be possible to replicate the pattern of selec- 
tion induced by the nonprice mechanism. Future 
work could also examine hypotheses from psy- 
chology that households may seek to avoid the 
decision-making costs associated with making 
any choice to spend money or that there may 
be a discontinuity in behavior around a price 
of zero. Finally, future work could examine the 
hypothesis that differential social costs of refus- 
ing to accept water treatment solution during 
household visits, visits to clinics, and visits to 
shops induce different patterns of selection of 
those who will use water treatment solution. 
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owing to concerns about chlorine degrading over time 
[see (17)]. Water treatment solution offered in 500-ml bottles 
is labeled as Aquaguard in the study area. This product is 
chemically equivalent to WaterGuard. We could have 
given three Aquguard bottles, and only 10 vouchers, to 
make the two quantities exactly match across groups, 
but because we planned to do the follow-up within 
6 months anyway, we did not expect the total quan 
to be a very important factor. 

23. It is plausible that a substantial proportion of the 
population face liquidity constraints and that they might 
have bought more water treatment solution in steady state 
under a policy in which everyone knew in advance that the 
solution would be available to parents of young children 
at half price in clinics. However, a separate study conducted 
in fall 2006 in the study region provides suggestive evidence 

hat take-up levels under the cost-sharing treatment would 

have been similar even if households could have purchased 
he water treatment solution over time. In that study, 

210 households received 12 monthly coupons for a 50% subsidy 

on WaterGuard bottles redeemable at local shops (20). 

he authors report that ~10% of the 2520 coupons 

distributed were redeemed, a rate comparable to, if slightly lower 

han, the 13.4% purchase rate found in our study. Although 

he two samples were different [our study sampled parents 

of young children at clinics whereas Kremer et al. (20) 

had a representative sample], this nevertheless suggests 

hat take-up is low even when households are given 

a month to find the money. This suggests that the 

cost sharing treatment yields estimates of take-up 

hat are likely not very far from what would have 

been observed had this discount been offered over 

an extended period. 

24. The follow-up survey recorded whether the initial Aquaguard 
bottle could be seen on the compound. It could be seen with 


ty 


Aquaguard in it in 72.6% of the compounds. Of recipients, 
1.5% declared having given the bottle away to neighbors. 
See table S5. 

25. The one clinic that served as a redemption point 

was not located in a market center, so all of the participants 

recruited at this clinic are included in the group unable 

‘o redeem at the nearest market. Omitting this subsample 

rom the analysis does not affect the pattern or 

statistical significance of the results. 

26. Policy-makers will not want to choose a negative price if 

households can freely and unobservably dispose of chlorine 

solution, because then people with no valuation of the water 
reatment solution will nonetheless obtain it to get the subsidy, 
but will simply throw it away. 

27. We cannot rule out the possibility that some of these 

additional doses delivered were not “wasted” but were, 

or example, given to other households, or used after the 

period of water testing. However, because we assume that 

he policy-maker values water treatment in households 
with children in the age range at greatest risk of 
diarrheal mortality, and because dilute chlorine solution 
expires over time, we will treat the policy-maker as valuing 
verified water treatment. 

28. We thus consider the problem of a health planner, 

who seeks to maximize health gains with a given fiscal 

expenditure and who does not value the implicit 

transfer involved in subsidies to inframarginal households. 

A social planner who valued household income would 

place at least some value on the implicit transfer to 

inframarginal households and would thus focus more 

on the figures that include only the cost of wastage. This 

slightly reduces the cost of moving from cost sharing to 

either of these policies, but does not alter the basic 
conclusions of this analysis. 

29. This analysis considers only the cost of the water treatment 
solution, valued at 20 Kenyan shillings per 150 ml, the 
price at which WaterGuard is sold in Kenya. See below for a 
discussion of how the analysis might be affected by 
considering full delivery costs from implementing different 
policies at scale. 

30. The time cost to recipients of redeeming vouchers is 
ignored in this analysis. Taking this cost into consideration 
reduces the cost-effectiveness of the voucher-based 
screening mechanism slightly; however, under reasonable 
assumptions on the value of time in this setting, the voucher 
policy remains preferred over a wide range of valuations 
on health. 

31. The DALY is a metric commonly used by health economists to 
compare the cost-effectiveness of alternative interventions. 

32. UN Inter-agency Group for Child Mortality Estimation, 

CME Info database (2015), www.childmortality.org/, 
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35. This reflects the $150 benchmark, converted to 2016 dollars 
using the U.S. CPI. Taking into account real income growth 
would increase the threshold still further. 
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STRUCTURAL BIOLOGY 


Structure of a yeast catalytic step I 
spliceosome at 3.4 A resolution 


Ruixue Wan,* Chuangye Yan,* Rui Bai,* Gaoxingyu Huang,* Yigong Shit 


Each cycle of pre—messenger RNA splicing, carried out by the spliceosome, comprises two 
sequential transesterification reactions, which result in the removal of an intron and the joining 
of two exons. Here we report an atomic structure of a catalytic step | spliceosome (known as 
the C complex) from Saccharomyces cerevisiae, as determined by cryo—electron microscopy 
at an average resolution of 3.4 angstroms. In the structure, the 2'-OH of the invariant adenine 
nucleotide in the branch point sequence (BPS) is covalently joined to the phosphate at the 
5’ end of the 5’ splice site (5’SS), forming an intron lariat. The freed 5' exon remains anchored 
to loop | of U5 small nuclear RNA (snRNA), and the 5’SS and BPS of the intron form duplexes 
with conserved U6 and U2 snRNA sequences, respectively. Specific placement of these RNA 
elements at the catalytic cavity of Prp8 is stabilized by 15 protein components, including 
Snui114 and the splicing factors Cwc21, Cwc22, Cwc25, and Yju2. These features, representing 
the conformation of the spliceosome after the first-step reaction, predict structural changes 
that are needed for the execution of the second-step transesterification reaction. 


ach cycle of pre-mRNA splicing results in 

the removal of an intron and the joining 

of two exons, through two sequential, Sy2- 

type transesterification reactions (J-3). In 

the first-step reaction, the 2’-OH of an in- 
variant adenine nucleotide in the branch point 
sequence (BPS) of an intron serves as a nucleo- 
phile to attack the phosphorous atom of the gua- 
nine nucleotide at the 5’ end of the 5’ splice site 
(5’SS), forming an intron lariat-3’-exon interme- 
diate and freeing the 5’ exon. In the second-step 
reaction, the 3’-OH of the RNA nucleotide at the 
3’ end of the 5’ exon serves as a nucleophile to 
attack the phosphorous atom of the nucleotide 
at the 5’ end of the 3’ exon, joining the two 
exons and releasing the intron lariat (2). These 
two reactions are executed by a highly dynamic 
spliceosome that assumes at least six distinct 
states known as the B, B**, B*, C, P, and ILS 
complexes (4). 

The precatalytic spliceosome (B complex) con- 
tains all five small nuclear ribonucleoprotein 
particles (SnRNPs): Ul, U2, U4, U5, and U6. 
Dissociation of U1 and U4 snRNPs and recruit- 
ment of the nineteen complex (NTC) and NTC- 
related complex (NTR) trigger formation of the 
activated spliceosome (B**' complex). The B?* 
complex is converted to the catalytically acti- 
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vated spliceosome (B* complex), which executes 
the first-step reaction. The catalytic step I splice- 
osome, also known as the C complex, catalyzes 
the second-step transesterification with the help 
of a few splicing factors (5). The resulting P com- 
plex contains an intron lariat and a ligated exon, 
which is released in the ILS complex. 

The spliceosome is a metalloribozyme (6-8), 
and conserved nucleotides in the intramolecular 
stem loop (ISL) of U6 snRNA coordinate the cat- 
alytic magnesium (Mg”") ions (J, 9-12). During the 
first-step reaction, nucleotides at the 3’ end of the 
5’ exon are anchored by loop I of U5 snRNA, 
whereas the 5'SS and BPS are recognized by U6 
and U2 snRNA, respectively. The splicing active 
site, located in a catalytic cavity on the central 
spliceosomal component Prp8 (13), comprises the 
ISL of U6 snRNA, helix I of the U2/U6 duplex, loop 
I of U5 snRNA, and at least two Mg”* ions (11, 12). 

Structures of individual spliceosomal com- 
ponents have been elucidated, primarily through 
x-ray crystallography (J4-27). Investigations of 
the intact spliceosome, which is known for its 
conformational and compositional variability 
(3, 22), have relied on electron microscopy (EM). 
Structures of various spliceosomal complexes 
over a wide range of resolution limits have been 
obtained (11, 12, 23-42). The 3.6 A structure of 
the ILS complex from Schizosaccharomyces pombe 
unveils a detailed arrangement of U2, U5, and 
U6 snRNAs and specific interactions at the 
active site (II, 12). More recently, the 3.5 A struc- 
ture of the B** complex from Saccharomyces 


cerevisiae reveals how catalytic latency is main- 
tained by the protein components surrounding 
the active site (43). Here we report the 3.4 A 
structure of a spliceosomal C complex, which 
reveals the inner workings of the RNA elements 
together with their protein cofactors after the 
first-step transesterification reaction. 


Cryo-EM analysis 

Using the NTC component Cefl as an affinity- 
tagged protein, we purified a mixture of different 
spliceosomal complexes and used two-dimensional 
(2D) and 3D classifications to separate these 
distinct structural entities (43). Among the 
original set of 761,767 particles, 84,486 were 
used for reconstruction of the activated B** 
complex at 3.52 A resolution (43). The strategy 
of applying multiple simultaneous 3D classi- 
fications and merging all relevant classes proved 
to be important for the maximal inclusion of 
particles that represent the B** complex. Start- 
ing from the same set of 761,767 particles, we 
applied the same strategy to identify those that 
represent the C complex (figs. S1 and S2A). 
After two rounds of 3D classification, 161,066 
particles yielded a reconstruction at an average 
resolution of 3.95 A, which, through particle 
polishing and autorefinement, was improved 
to 3.41 A on the basis of the gold-standard 
Fourier shell correlation criteria (fig. S2B and 
tables S1 to S4). 

The local resolutions vary greatly in the C 
complex (fig. S2C). The actual resolution in the 
central regions of the spliceosome reaches 2.9 to 
3.5 A, allowing atomic modeling. At the periph- 
ery, however, the EM density becomes contiguous 
only after being low-pass filtered to 10 A (fig. S2D). 
To facilitate model building in the peripheral 
regions, we performed two more rounds of 3D 
classification, focusing on only the class that dis- 
plays structural features in these regions (fig. S3). 
This effort generated two distinct reconstructions 
at 3.65 and 4.6 A (fig. S4 and tables S1 to $4). In 
the central regions of the 3.41 A density maps, 
most secondary structural elements are well 
defined, and a large proportion of amino acid 
side chains are identifiable (figs. S5 to S7). The 
RNA elements at the catalytic center and the 
surrounding protein components are marked 
by distinguishable features in the density maps 
(figs. S8 to S11), allowing atomic modeling of 
RNA nucleotides. 


Overall structure 


The refined model of the C complex from 
S. cerevisiae contains 8587 amino acids from 35 
proteins, 377 nucleotides from three snRNAs, 
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Fig. 1. Cryo-EM structure of the S. cerevisiae catalytic step | spliceosome (C complex) at 3.4 A 
resolution. (A) EM density map of the C complex at an average resolution of 3.4 A shown in two per- 
pendicular views. The color-coded protein and RNA components are tabulated on the right. (B) Structure 
of the C complex. The cartoon representation shown in two views includes 35 proteins, three snRNAs, a 
free 13-nucleotide (nt) 5’ exon, and a 44-nt intron lariat, with a combined molecular weight of ~1.1 MDa. 
Among the modeled 8587 amino acids, 5040 have side chains. Figure 1A was prepared using CHIMERA 
(72). All other structural images were created using PyMol (73). 


and 57 nucleotides from two pieces of the pre- 
mRNA molecule (Fig. 1A and tables S1 to S4), 
with a combined molecular mass of ~1.1 MDa. 
Among the modeled amino acids, 5040 have 
side chains and the remaining 3547 residues 
were built as poly-Ala. The poly-Ala sequences 
are mostly assigned to the NTC core (Prp19 
tetramer, Snt309, and part of Cefl), U5 Sm ring, 
and the U2 snRNP components (Msl1, Leal, and 
U2 Sm ring). The 35 protein components in the 
atomic model include nine from U5 snRNP, 
nine from U2 snRNP, seven from NTC, six from 
NTR, and four splicing factors (Cwe21, Cwc22, 
Cwc25, and Yju2). Notably, the adenosine tri- 
phosphatase (ATPase)/helicase Brr2 displays no 
discernable EM density, likely reflecting its dy- 
namic nature in the C complex. 

The C complex has an extended, triangular 
appearance, with the NTC core located on the 
back of the assembly (Fig. 1B). The three corners 
of the assembly are separated from one another 
by ~300 A (fig. S12A). The center and bottom 
side of the triangular-shaped C complex are con- 
stituted by Prp8 and Snull4 of U5 snRNP, por- 
tions of the three snRNAs, pre-mRNA, at least 10 
protein components from NTC and NTR, and 
four splicing factors (Fig. 1B). The splicing active 
site, located in the center of the C complex, and 
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its adjacent RNA elements are sandwiched by 
two layers of protein components. One layer 
consists of the anchoring component Prp8, 
the guanosine triphosphatase Snull4, the NTR 
protein Bud31, and two splicing factors (Cwc21 
and Cwc22) (fig. S12B); the other layer comprises 
four NTC components (Cefl, Isy1, Syf2, and a 
portion of Clfl), six NTR proteins (Bud31, Cwc2, 
Cwcl5, Ecm2, Prp45, and Prp46), and the splicing 
factors Cwce25 and Yju2. Intermolecular inter- 
actions within these two layers are stabilized by 
the intrinsically disordered protein Prp45 and, 
to a lesser extent, by Cwcl5. 


The RNA map 


The RNA elements display clear features in the 
density maps (fig. S8A). We assigned nucleotides 
28 to 55 and 60 to 127 of U5 snRNA (fig. S8, B to 
D). In addition, 20 contiguous nucleotides at the 
3’ end of U5 snRNA were docked into the density 
maps along with the heptameric Sm ring. Ex- 
cluding nine nucleotides at the 3’ end, nucleo- 
tides 1 to 103 of U6 snRNA were identified in 
the maps (fig. S9). U2 snRNA in S. cerevisiae 
contains 1175 nucleotides, most of which are 
dispensable for pre-mRNA splicing (44). Virtu- 
ally all functionally important sequences of U2 
snRNA are visible in the maps, including 48 


nucleotides at the 5’ end, which are responsible 
for forming duplexes with U6 snRNA (helix I 
and helix IT) and with the BPS. The modeled U2 
snRNA also includes the stem loop sequences 
and the binding sites for the U2 Sm ring and 
Ms!l1. Fifty-seven nucleotides are assigned to pre- 
mRNA, which consists of a free 5’ exon (13 nucleo- 
tides) and an intron lariat (44 nucleotides) (figs. 
S9C and S10). 

The three snRNA elements are organized into 
an extended structure, and the pre-mRNA mole- 
cule is placed at the center of the RNA map 
through extensive base-pairing interactions with 
the snRNAs (Fig. 2A). Consistent with published 
evidence (45-48), the freed 5’ exon remains bound 
to loop I of U5 snRNA and is located close to the 
T-shaped junction of the intron lariat. Five con- 
tiguous nucleotides (UGUAU) of the intron, 
including three at the 3’ half of the 5’SS, are 
recognized by the U6 snRNA sequences (AUACA) 
through Watson-Crick base-pairing interactions 
(Fig. 2B). Nineteen contiguous nucleotides of the 
intron, including the BPS (UACUAAC), form a 
duplex with 17 conserved nucleotides of U2 
snRNA, producing two single-nucleotide bulges 
in the pre-mRNA. One bulge is formed by the 
nucleophile-containing adenine nucleotide in the 
BPS. The base-pairing interactions between U2 
and U6 snRNAs are consistent with published 
observations (49, 50) and are nearly identical to 
those observed previously in the S. cerevisiae B** 
complex (43) or the S. pombe ILS complex (11). 


The active site 


The active site of the C complex comprises the 
ISL of U6 snRNA, helix I of the U2/U6 duplex, 
loop I of U5 snRNA, and five metal ions that are 
probably magnesium (Mg”*) (Fig. 3A). Three 
consecutive nucleotides at the 3’ end of the 5’ 
exon, modeled as AAG, form a short duplex with 
the nucleotides U96-U97-U98 in loop I of U5 
snRNA. The phosphate group of the guanine 
nucleotide at the 5’ end of the 5’SS is already 
covalently bonded to the nucleophile (the 2’- 
oxygen atom of the invariant adenine nucleotide 
in the BPS). Three of the five putative Mg”* ions 
are located away from the reaction center and 
likely stabilize the delicate fold of ISL by neu- 
tralizing the negative charges of the RNA back- 
bone phosphates. 

The other two Mg”* ions may directly catalyze 
the two sequential transesterification reactions. 
The putative M2 ion, which is thought to activate 
the nucleophile during the first-step reaction 
(1, 6), is coordinated by the phosphates of A59 and 
U80 of U6 snRNA (Fig. 3B). M2 is located ~6 A 
away from the nucleophile, which likely reflects 
the postreaction state. During the second-step 
reaction, M2 is thought to stabilize the leaving 
group (the 3’-OH of the guanine nucleotide at the 
3' end of the intron) (/, 6). The M1 ion, which 
stabilizes the leaving group during the first-step 
reaction (1), appears to be coordinated by four 
ligands in a planar fashion, with two ligands from 
the pre-mRNA and two from U6 snRNA (Fig. 3B). 
The coordinating ligands include the phosphate 
of the invariant adenine nucleotide in the BPS, 
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the 3’-OH of the nucleotide at the 3’ end of 5’ exon, 
and the phosphates of G78 and U80 of U6 snRNA. 

Notably, the nucleophile for the second-step 
reaction—the 3’-OH of the nucleotide at the 3’ end 
of 5’ exon—is already coordinated and activated 
by MI, which is known to be responsible for the 
second-step nucleophile activation (1). Although 
the M1-activated nucleophile is poised to initiate 
nucleophilic attack, the scissile phosphodiester 
bond between the intron and 3’ exon is yet to be 
loaded into the active site. The placement of M2 
away from the lariat junction in the C complex 
makes the reversal of the first-step reaction highly 
unlikely. Both steps of the pre-mRNA splicing 
reactions in vitro were shown to be reversible 
through alteration of the experimental condi- 
tions, particularly the identity and concentra- 
tion of the cations (57). 


Comparison of the snRNA elements 


Structural analysis of the S. cerevisiae B** com- 
plex supported the prediction that the overall 
conformation of the snRNA elements in the 
catalytic center is highly conserved in various 
spliceosomal complexes (12, 43). Structural reso- 
lution of the S. cerevisiae C complex provides 
another opportunity to scrutinize this prediction. 
The U5 snRNA of the B** complex aligns well 
with that of the C complex, with near-perfect 
registry for both the phosphodiester backbone 
and the base-pairing interactions (Fig. 4A and 
fig. S13A). Applying the same alignment matrix 
to the entire RNA map, the overall structures of 
U6 snRNA, the 5’ exon, and a portion of the intron 
at the 5’ end in the B** complex superimpose well 
with those of the corresponding elements in the 
C complex (Fig. 4A and fig. S13B). A closer exami- 
nation reveals minor shifts, mostly within ~3 A, 
for nucleotides in the ISL of U6 snRNA (Fig. 4A, 
inset). Despite large conformational changes for 
the majority of the U2 snRNA sequences, nucleo- 
tides 1 to 30 adopt a nearly identical structure 
between these two complexes (Fig. 4A and fig. 
$13C). These sequences include helices I and IJ; 
the former contributes to formation of the active 
site. Notably, the U2 snRNA sequences (nucleo- 
tides 32 to 47) that form a duplex with BPS and 
the surrounding intron sequences are trans- 
located by distances of 25 to 95 A from the B** 
to the C complex. This shift presumably occurs in 
the B* complex, which brings the nucleophile in 
the BPS in close proximity to the scissile phos- 
phodiester bond for the first-step reaction (52). 
Analogous to the comparison between the B** 
and C complexes, U5 snRNA, U6 snRNA, and the 
5'-end portion of U2 snRNA remain structurally 
similar between the S. cerevisiae C complex and 
the S. pombe ILS complex (11, 12) (Fig. 4B and fig. 
S13, A to C). Unlike that in the S. cerevisiae B** or 
C complex, the 5’ exon has been released from 
the ILS complex. The T-shaped junction of the 
intron lariat in the ILS complex is located in a 
different position compared with that in the C 
complex (Fig. 4C and fig. S13D). The guanine nu- 
cleotide at the 5’ end of the 5’SS and the invariant 
adenine nucleotide of the BPS in the ILS com- 
plex are separated from the corresponding nu- 
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cleotides of the C complex by ~25 A (Fig. 4D). 
Such translocation likely occurs before the second- 
step reaction so as to vacate the space for ac- 
commodation of the 3’ exon and the preceding 
intron sequences. 


Prp8 and the RNaseH-like domain 


Prp8 displays clear EM density for most se- 
quences (fig. S5, A to G). The Jab1/MPN domain 


exhibits no density and is not modeled in our 
structure. Both the N domain and the core of 
Prp8 in the C complex align well with those in 
the B** complex (43) (Fig. 5A). Consistent with 
a role in stabilizing the bound 5’ exon (43), the 
switch loops (residues 1402 to 1439) in these 
two complexes adopt an identical conformation. 
The ribonuclease H (RNaseH)-like domains, how- 
ever, exhibit a large positional shift of up to 99 A 
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Fig. 2. Arrangement of the RNA elements in the S. cerevisiae C complex. (A) Overall cartoon 
representation of the RNA map displayed in two perpendicular views. The catalytic center comprises 
the ISL of U6 snRNA, helix | of the U2/U6 duplex, loop | of U5 snRNA, and the Mg?* ions. After the 
first-step reaction, the freed 5’ exon remains anchored to loop |. The invariant adenine nucleotide 
from the BPS is covalently linked to the guanine nucleotide at the 5’ end of the 5’SS. The disordered 
RNA sequences are indicated by dotted lines. (B) Overall base-pairing interactions among U2 snRNA, 
U5 snRNA, U6 snRNA, the 5’ exon, and the intron lariat. Canonical Watson-Crick and noncanonical 
base-pairing interactions are identified by solid lines and dots, respectively. 


26 AUGUST 2016 * VOL 353 ISSUE 6302 897 


Downloaded from http://science.sciencemag.org/ on September 3, 2016 


RESEARCH | RESEARCH ARTICLES 


Fig. 3. Catalytic center and A 
active site of the S. cerevisiae 

C complex. (A) Structure of 

the catalytic center is shown in 

two perpendicular views. 

Following the first trans- 
esterification reaction, the 

2’-oxygen atom of the in- 

variant adenine nucleotide in 

the BPS is covalently joined 

to the phosphorous atom of 

the guanine nucleotide at the 

5’ end of the 5’SS. (B) Two 

close-up views of the active 

site. Among the two putative 

Mg** ions, M1 is coordinated 

by phosphate groups from B 
G78 and U80 of U6 snRNA, 
and M2 is bound by phos- 
phates from A59 and U8o. In 
addition, M1 is bound to the 
phosphate of the guanine 
nucleotide at the 5’ end of the 
5'SS and the 3’-OH of the 
nucleotide at the 3’ end of the 
5! exon. The M2 ion, which acti- 
vates the nucleophile before U35 
the first transesterification 
reaction, is separated from the 
nucleophile (i.e., the 3’-OH of 
the invariant adenine nucleo- 
tide in the BPS) by ~6 A. 


(5’-nucleotide 
of SSS) G 


between the B**' and C complexes. Prp8 of the 
S. cerevisiae C complex and Spp42 of the S. pombe 
ILS complex (11) also exhibit very similar con- 
formations for their N domains and the cores 
(Fig. 5B). Conversely, the switch loop in Spp42 
points in the opposite direction of that in Prp8 
of the C complex, reflecting the 5’-exon released 
state in the ILS complex. The RNaseH-like do- 
mains in these two complexes adopt very dif- 
ferent positions (Fig. 5B). Similar to that between 
the U4/U6.U5 tri-snRNP and the B** complex 
(43), only the core of Prp8 from the tri-snRNP 
aligns well with that of the C complex (Fig. 5C). 
The N domains, switch loops, and RNaseH-like 
domains all display marked positional variations. 

Despite their very different positions (Fig. 5D), 
the RNaseH-like domains in the three spliceo- 
somal complexes align with each other to near- 
perfect registry (Fig. 5E). Thus, the RNaseH-like 
domain has a rigid conformation but serves as a 
highly mobile element in the various spliceosomal 
complexes. Structural analysis reveals a surprising 
role for the RNaseH-like domain in stabilizing a 
mobile RNA element during pre-mRNA splicing 
(fig. S14). In the U4/U6.U5 tri-snRNP (41, 42), 
the RNaseH-like domain simultaneously inter- 
acts with Prp3, Prp6, and Prp31, whereas Prp3 
and Prp31 directly recognize the U4/U6 duplex 
(fig. S14A). The RNaseH-like domain must be dis- 
located before Brr2 unwinds the U4/U6 duplex. 
In the B** complex (43), the RNaseH-like domain 
associates with the scaffold protein Hsh155 and 
the splicing factor Cwc22 (fig. S14B). Because 
Hsh155 plays a major role in binding the BPS 
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and intron sequences toward the 3’ end (53, 54), 
the RNaseH-like domain would have to disso- 
ciate for the BPS to move to the catalytic center 
of the spliceosome. In the C complex, the RNaseH- 
like domain directly recognizes the intron-U2 
snRNA duplex while interacting with the U2 
Sm ring and the splicing factor Cwc25 (fig. 
$14C). In the S. pombe ILS complex (11), the 
RNaseH-like domain of Spp42 mainly interacts 
with Cwfl19, which binds to the intron lariat and 
ISL of U6 snRNA while making close contacts 
with the core of Spp42 (fig. S14D). The dissocia- 
tion of the intron lariat is likely preceded by the 
dislocation of the RNaseH-like domain. 


Protein components at the center 
of the C complex 


The RNA elements at the catalytic center are 
specifically recognized by a number of protein 
components (Fig. 6A). As previously observed (7), 
the splicing active site is anchored in a positively 
charged catalytic cavity formed between the N 
domain and the core of Prp8 (Fig. 6B). In addi- 
tion to Prp8, at least 15 other proteins directly 
contact the RNA elements at the center of the C 
complex (Fig. 6C). These proteins and Prp8 also 
closely interact with one another to stabilize the 
conformation of the RNA elements. 


The NTC components Cef1, Isy1, and Syf2 


Cefl, the S. cerevisiae ortholog of Cdc5 in S. pombe, 
is essential for pre-mRNA splicing (55, 56). The 
N-terminal sequences (residues 9 to 111) consti- 
tute a Myb domain of six a helices, followed by 


~ 


<< 


ieee 


U6 snRNA 
A79 


extended sequences that form four additional o 
helices (Fig. 6D). The N-terminal residues of helix 
a8 (residues 165 to 194) reach into the active site 
to contact the ISL, whereas the middle portion 
of a8 binds the NTC component Isyl. The C- 
terminal half of #8 and helices «9 and 10 of Cefl 
interact with Ecm2 and the N-terminal helices of 
Clfl, and the intervening loop between a8 and a9 
also binds the 5’ intron just downstream of the 
5’SS. The N-terminal half of the Myb domain (01 
to a3) closely interacts with «7 to form a globular 
domain, which associates with helix I of the U2/U6 
duplex, Prp45, Syf2, and the core of Prp8 (Fig. 6D). 

Isyl1 is thought to act together with U6 snRNA 
to promote a spliceosomal conformation favor- 
able for the first-step reaction and also to interact 
with Prp16 to regulate the fidelity of pre-mRNA 
splicing (57). Isy1 (residues 2 to 96) consists of 
four o helices. Helices o1 and a2 reach into the 
lariat junction and interact with the surrounding 
intron sequences, the BPS-U2 duplex, one side 
of the 5'SS-U6 duplex, Cwe2, and the splicing 
factor Yju2 (Fig. 6E). A pair of antiparallel helices 
(a3 and o4) associates with the other side of the 
5'SS-U6 duplex and helix a8 of Cefl. The NTC 
component Syf2 (residues 92 to 211), which is 
thought to modulate Syfl function (58), wraps 
around helix II of the U2/U6 duplex while inter- 
acting with Prp45 and Clfl (Fig. 6D). 


The NTR components Cwc2, Ecm2, 
and Bud31 


As an essential NTR component that contains a 
RRM motif and a zinc finger, Cwc2 is known to 
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A Helix II 


U2 snRNA 


lariat 


B Helix II 


Intron 
lariat 


Intron 


@ C complex 
® B2* complex 
@ ILS complex (S.pombe) 


directly cross-link to U6 snRNA and pre-mRNA 
(59, 60). In our structure, Cwc2 recognizes the 
intron sequences just downstream of the 5’SS 
and 11 nucleotides of U6 snRNA preceding the 
U6 sequences that base-pair with the 5’SS (Fig. 
6E). Cwc2 also interacts with Ecm2, Bud31, and 
Isyl. Ecm2 is thought to facilitate the cooperative 
formation of helix II in the activation of yeast 
spliceosome (67). In our structure, Ecm2 consists 
of an N-terminal metal-binding domain (resi- 
dues 3 to 125) and a C-terminal globular domain 
(residues 210 to 288) that comprises a four- 
stranded f sheet stacked against two a helices 
(Fig. 6F). These two domains are separated by 
and closely interact with Cwc2. The N-terminal 
domain of Ecm2 also binds Cefl, Prp45, and U6 
nucleotides 29 to 32. The nonessential NTR com- 
ponent Bud31 is thought to stabilize the pre- 
mRNA-protein interactions (62). Bud31 associates 
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MMBC complex 
m&@ Be complex 


MMBC complex 


MB ILS complex 
(S.pombe) 


@ C complex 


@ ILS complex 
(S.pombe) 


with U6 nucleotides 25 to 29, stem II of U5 snRNA, 
and the N domain of Prp8 (Fig. 6E). 


The splicing factors Cwc21, Cwc22, 
Cwc25, and Yju2 


Cwc21 is the functional ortholog of SRm300, 
which is the only SR-related protein known to 
be located at the catalytic center of the human 
spliceosomes (63, 64). In our structure, only resi- 
dues 2 to 28 of Cwc21 are well characterized by 
the EM maps; these sequences are embedded in 
the center of the spliceosome, closely interacting 
with the 5’ exon (Fig. 6G). The N-terminal se- 
quences of Cwc21 bind the Prp8 N domain, and 
a lone B strand of Cwc21 pairs with a short B 
strand from the switch loop. The sequences fol- 
lowing the B strand of Cwe21 interact with Cwc22, 
whereas Cwc22 also associates with the core of 
Prp8 and directly contacts the switch loop. 


BEC aonipke 
™m Be complex 


Fig. 4. Structural comparison 
of the RNA elements 
among the B2* and C com- 
plexes from S. cerevisiae 
and the ILS complex from 
S. pombe. (A) Structural 
comparison of the overall 
RNA maps between the B2* 
(43) and C complexes from 
S. cerevisiae. Comparison of 
the ISL is shown in the inset. 
U5, U6, and the 5’ portion of 
U2 snRNA remain largely the 
same between the two 
complexes. (B) Structural 
comparison of the overall RNA 
maps between the C complex 
from S. cerevisiae and the ILS 
complex from S. pombe (12). 
The ISL structure is similar 
between the two complexes 
(inset). (C) Structural com- 
parison of the pre-mRNA 
molecules from the three 
complexes. (D) Close-up 
comparison of the lariat junc- 
tion between the C complex 
from S. cerevisiae and the 
ILS complex from S. pombe 
(12). The T-shaped lariat 
junction in the ILS complex 
is separated from that in the 
C complex by 20 to 25 A. 
The lariat junction in the 

C complex must be moved 
away before the second 
transesterification reaction 
can occur. 


Yju2 is thought to associate with the NTC and 
promotes the first-step reaction after the action 
of the ATPase Prp2 (65). The evolutionarily con- 
served N-terminal domain of Yju2 (residues 1 to 
130) promoted the first transesterification reac- 
tion to ~75% of that by the full-length protein 
(66). The extended N-terminal sequences of Yju2 
(residues 2 to 16) reach into a deep cleft at the 
active site, interacting with the 5’ exon, both the 
N domain and the core of Prp8, and a portion of 
U2 snRNA that recognizes BPS. An ensuing o 
helix (residues 17 to 31) intercalates between the 
BPS-U2 duplex and the o1 and a2 helices of Isy1 
(Fig. 6H). A five-stranded B-sheet domain (resi- 
dues 38 to 116) associates with the ISL, the phos- 
phate backbone of the intron, and the splicing 
factor Cwc25. Cwc25 is a heat-stable step I factor 
containing a short coiled-coil motif and is required 
after Prp2 and Yju2 to facilitate the first-step 
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reaction (52, 67). The extended N-terminal se- 
quences of Cwc25 (residues 2 to 16) are inserted 
deeply into the active site, interacting with the ISL, 
the BPS-U2 duplex, helix I, and the B-sheet domain 
of Yju2 (Fig. 6H). An a helix (residues 17 to 42) of 
Cwe25 extends from the active site by ~37 A to 
interact with the RNaseH-like domain of Prp8. 


The NTR components Prp46, Cwc15, 
and Prp45 


The WD40 protein Prp46 is a seven-bladed B pro- 
peller (68). The top face (69) of the Prp46 pro- 
peller interacts with Prp8, whereas the bottom 
face binds extended sequences of Prp45 (resi- 
dues 51 to 99) (Fig. 61). Prp46 also contacts Cwcl5, 
Clfl, and stem I of U5 snRNA. The intrinsically 


A RNaseH B 


B® Prp8 from C " 
D @ Prp8 from B* 


disordered proteins Cwcl5 and Prp45 appear to 
stabilize the catalytic center by simultaneously 
interacting with multiple components at the cen- 
ter of the spliceosome. Both Cwcl5 and Prp45 
directly contact all three snRNA elements. 


RNA recognition by the splicing factors 


The identified 16 protein components at the 
center of the spliceosome interact closely with 
one another and make numerous contacts to 
the four RNA elements. A detailed description 
of these interactions goes beyond the scope of 
this manuscript. Nonetheless, we wish to exem- 
plify such interactions by focusing on the splicing 
factor Yju2. Yju2 and the surrounding proteins 
Cwc25, Isyl, and Cefl together form a scaffold 


RNaseH 
domain 


RNaseH 
6> domain 


@ Prp8 from C (S.cerevisiae) 
® Spp42 from ILS (S.pombe) 


onto which the RNA elements are placed (Fig. 
7A). The RNA elements closely follow the posi- 
tively charged surface of the protein scaffold, 
where the basic amino acids play a key role in 
RNA recognition (Fig. 7B). Lys and Lys® of Yju2 
directly contact the phosphate groups of the 
BPS and U6 snRNA, respectively; Are*” of Yju2 
may recognize A51 of U6 snRNA through a base- 
specific hydrogen bond (H-bond) (Fig. 7C). Asn® 
of Yju2 may also specifically recognize G50 of 
U6 snRNA. The N-terminal residue Arg” of Isyl 
likely donates a pair of H-bonds to the backbone 
phosphates of the BPS, whereas the N-terminal 
residue Gly” of Cwc25 may make two H-bonds 
with the BPS and U6 snRNA. In addition, the 
side chain of Lys’ from Cwc25 donates a 


(tri-snRNP) 


N-domain 


~ RNaseH 
domain 


@ Prp8 from C 
© Prp8 from tri-snRNP 


Fig. 5. Structural comparison of the central component Prp8 (Spp42 
in S. pombe) among three spliceosomal complexes and the U4/U6.U5 
tri-snRNP. (A) Structural comparison of Prp8 between the B** (43) and 
C complexes from S. cerevisiae. Both the N domain and the core of Prp8 align 
well, including the switch loop (colored orange and magenta in the B°*t and 
C complexes, respectively). In contrast, the RNaseH-like domain adopts two 
markedly different locations in the two complexes. (B) Structural comparison of 
Prp8 from the S. cerevisiae C complex and Spp42 from the S. pombe ILS 
complex (11). Compared with that in the C complex, the switch loop in the 
ILS complex (colored red) is flipped 180° The RNaseH-like domains exhibit 
pronounced positional differences in the two complexes. (C) Structural com- 
parison of Prp& between the C complex and the U4/U6.U5 tri-snRNP from 
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S. cerevisiae (41). The N domains, switch loops, and RNaseH-like domains all 
exhibit large differences. Similar to that in the ILS complex, the switch loop in the 
tri-snRNP points in the opposite direction of that in the C complex. (D) Three 
close-up views of the RNaseH-like domains. A pairwise comparison of the 
RNaseH-like domains is shown between the B**t (43) and C complexes from 
S. cerevisiae (left), between the S. cerevisiae C complex and the S. pombe ILS 
complex (11) (middle), and between the C complex and the tri-snRNP from 
S. cerevisiae (41) (right). (E) Superposition of the RNaseH-like domains from 
the four complexes. The smallest difference has a root mean square deviation 
(RMSD) of only 0.62 A for 244 aligned Ca atoms between the Bt and C com- 
plexes. The largest variation has an RMSD of 1.52 A for 228 aligned Ca atoms 
between the S. cerevisiae B**t complex and the S. pombe ILS complex. 
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candidate H-bond to the phosphate backbone 
of the BPS (Fig. 7C). 

The other two splicing factors Cwce21 and 
Cwc22 cooperate to stabilize the 5’ exon (Fig. 7D). 
The extended sequences of Cwc21 are oriented by 
the switch loop of Prp8 and Cwc22 to recognize 
the 5’ exon. Four residues of Cwc21 (Ser’, Lys”, 
His’, and Arg”’) may make direct H-bonds to 


nucleotides of the 5’ exon (Fig. 7E). His’? of Cwe21 
may contact a base of the 5’ exon through cation- 
m interactions. The majority of these interactions 
are directed to the phosphates and the ribose of 
the 5’ exon, consistent with the highly variable 
nature of the 5’-exon sequences. In addition, the 
interactions between Cwc21 and the 5’ exon are 
of low-to-moderate intensity, which presumably 


would not impede dissociation of the joined exons 
after the second-step reaction. 


Discussion 


We previously reported atomic structures of the 
spliceosome, representing the beginning and 
ending states of the two transesterification re- 
actions: the S. cerevisiae activated B*** complex 


Prp8 Core 


Fig. 6. Protein-protein and protein-RNA interactions at the center of 
the C complex. (A) Overall view on the center of the C complex. At least 
16 protein components directly interact with the RNA elements at the 
catalytic center. (B) Prp8 anchors the RNA elements at the catalytic center. 
(C) Locations of 14 protein components relative to the central RNA ele- 
ments. Prp8 and Snull4 are removed to allow improved viewing of the other 
proteins. (D) Close-up view of the NTC components Cefl and Syf2. (E) Close- 
up view on the NTC component Isyl and the NTR components Cwc2 and 
Bud31. The interactions and the compact fold of Cwc2 are stabilized by a zinc 
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ion that is bound to Cys’3/*"/®” and His®. Bud31 contains a metal cluster 
of three zinc ions, each of which is tetrahedrally coordinated by four Cys 
residues (Cys!04/105 108/148 Gygl04/122 150/153 and Cysl08 120/122 145) 
(F) Close-up view of the NTR component Ecm2. Two zinc ions in the N- 
terminal domain of Ecm2 are coordinated by Cys'8/7/3/” and Cys34/37/1/4. 
(G) Close-up view of the splicing factors Cwc21 and Cwc22. (H) Close-up 
view of the splicing factors Yju2 and Cwc25. A zinc ion is coordinated by 
Cys*1/54/°8/5! at the edge of the B sheet in Yju2. (I) Close-up view of the NTR 
component Prp46. 
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Electrostatic surface potential 
—— 
» Negative 


Fig. 7, RNA recognition at the catalytic center by the splicing factors 
Yju2, Cwe25, Cwe21, and Cwe22. (A) Recognition of the RNA elements 
at the catalytic center by Cefl, Cwc25, Isyl, and Yju2. Prp8 and other 
protein components are removed. (B) RNA elements mainly interact with 
the positively charged surface areas in the four proteins (Cefl, Cwc25, Isyl, 
and Yju2). Two views of the electrostatic surface potential are shown here. 
Proteins in the left panel display the same exact orientation as those in 


(A). (C) Close-up view of the detailed interactions involving the N terminus 
of Cwe25 and Yju2. A hydrogen bond (H-bond) is tentatively assigned 
when a H-donor and a H-acceptor are located within ~3.5 A of each other. 
G, Gly; C, Cys; R, Arg; A, Ala; N, Asn; K, Lys. (D) Close-up view of Cwc21 
and its interactions with 5’ exon and the switch loop (green). (E) Close-up 
view of the detailed interactions between Cwe21 and the 5’-exon sequences. 
T, Thr; H, His; V, Val; S, Ser. 


(43) and the S. pombe intron-lariat ILS complex 
(1D). In this manuscript, we report the cryo-EM 
structure of a crucial intermediate spliceosomal 
complex: the catalytic step I spliceosome. These 
three structures reveal detailed arrangements of 
the RNA map that begin to recapitulate the pro- 
cess of the pre-mRNA splicing reaction (Fig. 8A). 
The structures of U5 and U6 snRNAs, along 
with their relative positions in the RNA map, 
remain largely unchanged in all three spliceosomal 
complexes (Fig. 8, A and B). Consequently, the U2 
sequences that form duplexes with U6 snRNA 
(helices I and II) also remain relatively static among 
these spliceosomal complexes. Therefore, the 3’ 
half of the 5'SS and a few ensuing nucleotides of 
the intron, which are recognized by U6 snRNA, 
and the 5’ exon, which is anchored to loop I of U5 
snRNA, should remain largely static throughout 
the two reactions. This conclusion has been cor- 
roborated by structures of the B*', C, and ILS 
complexes (11, 12, 43). The mobile elements are the 
5’ half of the 5'SS; the RNA sequences far down- 
stream of the 5’SS, including the BPS and the 3’ 
exon; and some of the U2 snRNA sequences, par- 
ticularly those that form duplexes with the BPS. 
In the B** complex, the nucleophile (i.e., the 
2'-OH of the invariant adenine nucleotide of the 
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BPS) is located ~50 A away from the phosphor- 
ous atom of the guanine nucleotide at the 5’ end 
of the 5’SS (43). During the transition from the 
B**' to the B* complex, the BPS-U2 duplex must 
be moved into the active site to initiate the first 
transesterification reaction. Thus, the general 
features of the RNA map in the B* complex 
should be very similar to those of the C complex, 
except that the covalent linkage between the 5’SS 
and the 5’ exon in the B* complex is broken in 
the C complex and replaced by that between the 
5’SS and the BPS (Fig. 8). In the C complex, the 
location to be occupied by the 3’ exon and its 
preceding intron sequences (the 3’SS, for exam- 
ple) is occupied by the T-shaped lariat junction 
and surrounding intron sequences. These struc- 
tural elements must be moved away before the 
onset of the second transesterification reaction 
(70). In the P complex, the two ligated exons (the 
5’ and 3’ exons) should remain bound at the 
catalytic center as a single chain, with the 5’ 
exon anchored to loop I of US snRNA (45, 48) 
(Fig. 8). We speculate that the intron lariat in the 
P complex is bound at a similar position as that 
in the ILS complex (J/, 12), which leaves ample 
space for the accommodation of the 3’-exon se- 
quences (Fig. 8). The spatial requirement for ac- 


commodation of the 3’ exon in the P complex is 
suggested by the structure of the ILS complex (11). 
Three of the six distinct spliceosomal com- 
plexes (B*“, C, and ILS) that have been structur- 
ally characterized are interspersed by two missing 
conformations, B* and P, that are likely to be 
more transient. However, available information 
on the three structurally characterized com- 
plexes allows us to model the RNA maps of the 
B* and P complexes (Fig. 8A). The transition 
from the C to the P complex likely comprises two 
distinct steps. During the first step, the T-shaped 
lariat junction in the C complex is moved away 
from the active site, and the 3’ exon and its 
preceding intron sequences are translocated into 
the active site. The resulting complex, which per- 
haps should be named the step II catalytically 
activated spliceosome (or C* complex), is likely to 
be transient (Fig. 8B). The proposed C* complex 
just before the step II transesterification corre- 
sponds to the B* complex for the step I trans- 
esterification. During the second step, the step II 
transesterification occurs, and the released intron 
sequences preceding the 3’ exon are moved away 
from the active site, resulting in the P complex. 
Because the conformation of the RNA ele- 
ments in each spliceosomal complex is stabilized 
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Fig. 8. Working model of pre-mRNA splicing at the level of RNA confor- 
mation. (A) Conformations of the RNA elements during the two transesteri- 
fication reactions. In the B**t complex (43), the nucleophile-containing adenine 
nucleotide in the BPS is located ~50 A away from the nucleotide at the 5’ end of 
the 5'SS. In the C complex, the 5’ exon is severed from the intron, but the lariat 
junction and the surrounding intron sequences occupy the same general loca- 
tion as that required for the 3’ exon and the preceding intron sequences. In the ILS 
complex (11, 12), the lariat junction and the surrounding intron sequences are 


located more than 20 A away from the catalytic Mg?* ions. These structural 
observations allow us to model the yet-to-be-captured conformations of the RNA 
elements in the B* and P comlexes. The movement and placement of the RNA 
elements are driven by the protein components, the splicing factors, and the 
RNA-dependent ATPases/helicases. (B) A schematic representation of the pre- 
mRNA splicing pathway as proposed in (A). In the proposed C* complex (step I! 
catalytically activated spliceosome), the lariat junction has moved away, and the 
3’ exon and the preceding intron sequences are delivered into the active site. 


by Prp8 and a distinct set of protein components, 
movement of the BPS-U2 duplex should be ac- 
companied by dissociation of many proteins and 
association of many others. Such remodeling pro- 
cesses are driven by the highly conserved ATPase/ 
helicases Prp2, Prp16, and Prp22. This has been 
experimentally observed for the transition from 
the B**' to the B* complex and then to the C 
complex, from the C to the P complex, and from 
the P to the ILS complex (3). Analysis of the RNA 
maps and associated protein components sug- 
gests that the remodeling processes may be par- 
ticularly drastic for the transitions from B** to B* 
and from C to C* (Fig. 8). For example, at least 12 
structurally identified proteins in the B** complex 
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(43)—including three in the RES complex (Bud13, 
Pmll, and Snul7), seven in the SF3a/b complex 
(Rsel, Hsh155, Cusl, Hsh49, Rds3, Ysf3, and 
Prpl1), and two splicing factors (Cwc24 and 
Cwc27)—are dissociated in the C complex. Simul- 
taneously, at least three proteins that were absent 
in the catalytic center of the B** complex now 
appear in the catalytic center of the C complex, 
including two splicing factors (Cwc25 and Yju2) 
and the NTC protein Isy1. 

Limited by both the local resolution and the 
highly heterogeneous nature of the spliceo- 
some, some of the cryo-EM density maps at 
the peripheral regions are poorly defined and 
the constituent proteins are yet to be identi- 


fied. This is true for all three spliceosomal 
complexes (B**, C, and ILS) and for the U4/U6. 
U5 tri-snRNP. Enhancement of the density maps, 
perhaps through acquisition of more spliceosomal 
particles and application of improved analysis 
software, will allow identification of more pro- 
tein components and assignment of more RNA 
sequences. This practice will lead to more pre- 
cise description of the splicing active site and 
the coordination of catalytic metal ions. None- 
theless, the local resolutions already reach 2.8 to 
3.2 A in the center of the three spliceosomal 
complexes, allowing unambiguous assignment 
of amino acid side chains. Such resolutions may 
facilitate identification of chemical components 
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that modulate the splicing reaction. After all, a 
sizable fraction of genetic disorders are caused 
by defects in pre-mRNA splicing (77). 
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STRUCTURAL BIOLOGY 


Structure of a yeast activated 
spliceosome at 3.5 A resolution 


Chuangye Yan,* Ruixue Wan,* Rui Bai,* Gaoxingyu Huang, Yigong Shit 


Pre—messenger RNA (pre-mRNA) splicing is carried out by the spliceosome, which undergoes 
an intricate assembly and activation process. Here, we report an atomic structure of an 
activated spliceosome (known as the B**t complex) from Saccharomyces cerevisiae, 
determined by cryo-electron microscopy at an average resolution of 3.52 angstroms. The final 
refined model contains U2 and U5 small nuclear ribonucleoprotein particles (snRNPs), 

U6 small nuclear RNA (snRNA), nineteen complex (NTC), NTC-related (NTR) protein, and 

a 71-nucleotide pre-mRNA molecule, which amount to 13,505 amino acids from 38 proteins 
and a combined molecular mass of about 1.6 megadaltons. The 5’ exon is anchored by loop 

| of U5 snRNA, whereas the 5’ splice site (5’SS) and the branch-point sequence (BPS) of the 
intron are specifically recognized by U6 and U2 snRNA, respectively. Except for coordination 

of the catalytic metal ions, the RNA elements at the catalytic cavity of Prp8 are mostly primed 
for catalysis. The catalytic latency is maintained by the SF3b complex, which encircles the BPS, 
and the splicing factors Cwc24 and Prp11, which shield the 5’ exon—5'SS junction. This structure, 
together with those determined earlier, outlines a molecular framework for the pre-mRNA 


splicing reaction. 


re-mRNA splicing is a dynamic process 
that involves several distinct spliceosomal 
complexes (1-3). Association of the pre- 
spliceosomal A complex with the U4/U6. 
U5 tri-snRNP, formed from the U4, U5, 
and U6 small nuclear ribonucleoprotein particles 
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(snRNPs), generates the precatalytic B complex. 
Dissociation of U1 and U4 snRNPs and recruit- 
ment of the nineteen complex (NTC) and NTC- 
related (NTR) protein trigger major structural 
rearrangement, resulting in formation of the 
activated B** complex. The B** complex is con- 
verted to the catalytically activated B* complex, 
in which an invariant adenine nucleotide of 
the branch-point sequence (BPS) initiates the 
first transesterification and generates a free 5’ 
exon and an intron-3’ exon lariat. The C complex 
catalyzes the second transesterification, which 
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Fig. 1. Cryo-EM structure of an activated spliceosome (the B°* complex) 
from S. cerevisiae. (A) The overall resolution of the EM reconstruction is 
estimated to be 3.52 A on the basis of gold-standard FSC criteria of 0.143. 
(B) An overall view of the EM density map for the B2*t complex. The resolution 
is color coded for different regions of the B**t complex. The resolution goes to 
2.8 to 3.5 A for the majority of the B**' complex. (B) to (D) were prepared using 
CHIMERA (61). All other structural images were created using PyMol (62). 
(C) The EM density map of the S. cerevisiae B** complex at an average resolution 


of 3.52 A. Three mutually perpendicular views around the horizontal axis 
are shown. (D) A cartoon representative of the S. cerevisiae B°*t complex. 
The color-coded protein and RNA components are listed below the 
images. This structure shown here includes 38 proteins, three snRNA 
elements, and one pre-mRNA molecule, with a combined molecular mass of 
~1.6 MD. Among the modeled 13,505 amino acids, 10,050 have side chains. 
We tentatively assigned 357 RNA nucleotides, including 71 in the pre-mRNA 
molecule to the various structures listed. 


ligates two exons. The ligated exons are re- 
leased from the postcatalytic P complex, but 
the intron lariat remains bound to the intron- 
lariat spliceosomal (ILS) complex. Finally, the 
intron lariat is released, and the snRNPs are 
recycled. 

The spliceosome is an RNA-directed metal- 
loenzyme (4-6), and the intramolecular stem 
loop (ISL) of U6 small nuclear RNA (snRNA) 
coordinates the catalytic magnesium (Mg?*) jons 
(7-10). During the first transesterification, the 3’ 
end nucleotides of the 5’ exon are anchored by 
loop I of U5 snRNA, whereas the 5’ splice site (5’ 
SS) and the BPS are recognized by U6 and U2 
snRNAs, respectively. The active site, located in 
a catalytic cavity on the central component Prp8, 
comprises ISL of U6 snRNA, helix I of the U2/U6 
duplex, loop I of U5 snRNA, and at least two 
catalytic Mg** ions (9, 10). 

Structural investigations of the various splice- 
osomal components have improved our knowl- 
edge of pre-mRNA splicing (11-19). Mechanistic 
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understanding of spliceosome function requires 
atomic structures of the intact spliceosome at 
different stages of the splicing reaction. The large 
size and dynamic nature of the spliceosome rep- 
resent formidable challenges for crystallization. 
Application of electron microscopy (EM) yielded 
structures of various spliceosomal complexes at 
low to medium resolutions that reveal a wealth 
of information on the architecture of the splice- 
osome but fall short of the requirement for atomic 
modeling (20-37). The 3.6 A cryo-EM structure of 
an intact spliceosome from Schizosaccharomyces 
pombe (S. pombe) unveiled the spatial arrange- 
ment of U2, U5, and U6 snRNAs and specific 
determinants of the active site (9, 10). More re- 
cently, structures of the U4/U6.U5 tri-snRNP from 
Saccharomyces cerevisiae were reported at 3.7 
to 3.8 A resolutions (38, 39). 

Here, we report the structure of an activated 
spliceosome (B*“ complex) at an average res- 
olution of 3.52 A, which reveals the inner 
workings of the RNA elements together with 


their protein cofactors just before pre-mRNA 
splicing. 


Spliceosome isolation and EM 


The reported cryo-EM structure of the S. pombe 
spliceosome likely reflects that of the ILS com- 
plex, as judged by the lack of strong EM den- 
sity for the 5’ exon (9). To isolate the early- to 
intermediate-stage spliceosomes, we screened 
a number of different proteins as targets of an 
affinity tag and eventually chose Cefl on the 
basis of the yield and quality of the purified 
spliceosomes. Using tagged Cefl, we purified a 
mixture of spliceosomes at different stages of 
the splicing reaction (fig. $1, A to D). These dif- 
ferent spliceosomes display distinct appearances 
in the EM images (fig. SIC) and can be differ- 
entiated by two-dimensional (2D) and 3D clas- 
sifications. Thus, we decided not to further 
fractionate these spliceosomes and to rely on 2D 
and 3D classifications to sort the different par- 
ticles. This strategy alleviated the dissociation 
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problem affiliated with excessive purification 
maneuvering and allowed determination of more 
than one spliceosome structure. In this article, we 
focus on the B** complex. 

The sample was imaged under cryo-conditions 
with a K2 direct electron detector mounted on 
a Titan Krios microscope. We collected 12,142 
micrographs. A preliminary analysis of 841 
micrographs was performed to generate an 
approximate reconstruction of the B*** complex 
and to determine the data-processing strategy 
(fig. S2). The chosen strategy was then applied 


A 


to the whole data set, generating 761,767 par- 
ticles for subsequent analysis (fig. S3). We then 
applied three rounds of 3D classifications to 
enrich the genuine B*“ particles. At the end of 
the third round, 84,486 particles were auto- 
refined to produce a reconstruction at 3.9 A 
resolution. Particle polishing and a final round 
of 3D classification improved the resolution to 
3.52 A on the basis of the gold-standard Fourier 
shell correlation (FSC) criteria (Fig. 1A and figs. 
$3 and S4). Two other spliceosomal complexes 
are well represented in the 3D classifications 


(figs. S2 and $3); these particles will be the sub- 
ject of future investigations. 

The actual resolution in the core regions of 
the B** complex reaches 2.8 to 3.2 A, allowing 
atomic modeling (Fig. 1, B and C). Throughout 
the spliceosome, most secondary structural ele- 
ments are visible, and a large proportion of the 
amino acid side chains are defined by the den- 
sity maps (figs. S5 to S12). Reflecting its dynamic 
nature, the B**t complex displays an overall ap- 
pearance that is similar to the reported shape 
(22, 24) but differs from that of the ILS complex 
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Fig. 2. Arrangement of the RNA components in the S. cerevisiae B** complex. (A) An overall cartoon representation of the RNA map. The catalytic center 
comprises the ISL of U6 snRNA, helix | of the U2/U6 duplex, loop | of U5 snRNA, and the Mg** ions. The 5" exon of pre-mRNA is anchored to loop | of U5 
snRNA, whereas the 5’SS is recognized by the ACAGA box of U6 snRNA. The BPS forms a duplex with U2 snRNA and is located 40 to 50 A away from the 5'SS. 
The disordered RNA sequences are indicated by dotted lines. (B) Overall base-pairing interactions among U2 snRNA, U5 snRNA, U6 snRNA, and pre-mRNA. 
Canonical Watson-Crick and noncanonical base-pairing interactions are identified by solid lines and black dots, respectively. 


Fig. 3. The catalytic center and the active site 
of the S. cerevisiae B** complex. (A) Structure 
of the catalytic center in the B**t complex. (Left) A 
close-up view of the RNA map in Fig. 2A. The scis- 
sile phosphodiester bond is located at the kink 
between the 5’ exon and 5’SS. The 5’ exon and 5’SS 
are recognized by U5 and U6 snRNA, respectively. 
The ISL of U6 snRNA is close to loop | of US snRNA. 
(Right) View rotated around the axis. (B) Two close- 
up views of the active site. Among the two Mg** ions 
shown, one is a structural metal and coordinated by 
the phosphate groups from C61 and G78 of U6 
snRNA, and the other is likely a catalytic metal (M2) 
and bound by phosphates from A59 and G60. Note 
that A59, G6O, and C61 are part of the RNA triplex. 
These two Mg** ions are separated by a distance of 
about 9.1 A. (C) Comparison of the metal coordi- 
nation between the S. cerevisiae B** complex and 
the S. pombe ILS complex (10). Although the M2 
metal is bound by A59 and G60 of U6 snRNA in the 
B+ complex, it is located away from the corres- 
ponding metal in the ILS complex. (D) Two close-up 
views of the base-pairing interactions between the 
5’ exon and loop | of U5 snRNA and the interactions 
between U5 snRNA and U6 snRNA. H bonds are 
represented by red, dashed lines. 
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(9). The head group is no longer present, and 
arm II (mainly Prp19 and Cefl) and the two 
superhelical proteins Syfl and the carboxyl- 
terminal half of Clfl (Cwf4/Syf3 in S. pombe) 
exhibit weak EM density. In contrast, the 
triangular-shaped central body—which comprises 
U5 snRNP, the catalytic center, and a few other 
proteins—exhibits well-defined EM density (Fig. 
1C). A sizable portion of the density connected 
to the central body is attributed to Brr2, U2 
snRNP, and the precursor mRNA retention 
and splicing (RES) complex. The RNA elements 
and their surrounding proteins display char- 
acteristic features in the density maps (figs. S13 
to S16) that allow assignment of the nucleotides. 


Overall structure 


The final refined model of the B** complex 
contains 13,505 amino acids from 38 proteins 
and 357 nucleotides from three snRNAs and 
pre-mRNA (Fig. 1D and tables S1 to S4), with a 
combined molecular mass of ~1.6 MD. Among 
the modeled amino acids, 10,050 have side chains, 
and the remaining 3455 residues (mainly in 
NTC, U5 Sm ring, Prp2, and Hsh49) were built 
as poly(Ala). The 38 protein components in the 
atomic model include all 10 from U5 snRNP, 7 
from U2 snRNP, 6 from NTC, 6 from NTR, 3 
from the RES complex (Pml1, Bud13, and Snu17); 
four known splicing factors (Cwc21, Cwe22, Cwc24, 
and Cwc27); the adenosine triphosphatase (ATPase)/ 
helicase Prp2; and the step 2 factor Prp17. Nearly 
complete atomic models are available for five 
large proteins: the central component Prp8 (res- 
idues 127 to 2398), the ATPase/helicase Brr2 
(residues 113 to 2163), the only guanosine tri- 
phosphatase Snull4 (residues 67 to 975), and 
the SF3b proteins Rsel (residues 56 to 1361) and 
Hsh155 (residues 16 to 971). The excellent EM 
maps also allow identification of the critical re- 
gions of several splicing factors, including Cwc21, 
Cwc24, and Prpll near or at the active site. 

On one side of the B** complex, the tightly 
packed central body is connected to three ex- 
tended spokes: one capped by the heptameric 
Sm ring that binds the 3’ end sequences of U5 
snRNA and the other two terminated by Brr2 
and Prp2 (Fig. 1 and fig. S17). On the other side 
of the B** complex, the core NTC component 
Prp19 and the superhelical proteins Syfl and Clif 
are flexibly connected to the central body. U2 
snRNP stacks against U5 snRNP to form the core 
of the B** complex (fig. S17). Components of 
the NTR closely interact with U5 snRNA and the 
RNA components at the catalytic center. The 
RES complex, stabilized by the NTR component 
Prp45, directly contacts both U2 snRNP and Prp8 
of U5 snRNP. 


The RNA map 


The RNA elements are characterized by ex- 
cellent electron density (fig. S13 to S16). U5 
snRNA in S. cerevisiae has a long form (214 
nucleotides) and a short form (179 nucleotides). 
Of the U5 snRNA nucleotides, 90, including 
most of the shared portion of the two forms, 
are defined by the density, particularly loop I 
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and its interactions with the 5’ exon (fig. S13). 
Except for two short sequences toward the 3’ 
end, U6 snRNA is visible in its entirety in the 
density maps (fig. S14), totaling 103 nucleo- 
tides. In U2 snRNA, 66 nucleotides, including 
all functionally important regions, are identi- 
fied by the density (fig. S15). Among the 357 
modeled nucleotides, 71 are assigned to pre- 
mRNA (figs. S14 and S15). One stretch of the 
pre-mRNA contains 10 nucleotides from the 5’ 
exon and 15 nucleotides from the 5'SS, as well 
as the ensuing sequences of the intron; another 
stretch contains 36 nucleotides of the intron 
including the BPS. 

These four RNA components are organized 
into an elaborate structure that spans a max- 
imum distance of 204 A (Fig. 2A). As previ- 
ously noted (J0), both the 5’ and 3’ ends of the 
three snRNA molecules are placed far away 
from the catalytic center, whereas the sequen- 
ces important for pre-mRNA splicing are de- 
livered to the center for assembly of a functional, 
active site (Fig. 2A). Three nucleotides at the 3’ 
end of the 5’ exon are recognized by loop I of 
U5 snRNA through base-pairing interactions 
(Fig. 2B and fig. S13C). At least five contiguous 
nucleotides of the intron, including three from 
the 5’SS, form a duplex with the ACAGA box 
and the ensuing sequences of U6 snRNA. Notably, 
the three nucleotides GUA at the 5’ end of the 
5'SS are unpaired; this arrangement results in 
the protrusion of the phosphate group of the 
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invariant guanine nucleotide. At least 14 nu- 
cleotides, including the BPS, form a long duplex 
with U2 snRNA. The intron-U2 duplex contains 
a bulge at the invariant adenine nucleotide of 
the BPS, where the nucleophile-containing ribose 
is flipped out of the duplex. Note that the in- 
variant guanine nucleotide of the 5'SS is sep- 
arated from the nucleophile-containing adenine 
nucleotide of the BPS by a distance of ~49 A. 


The active site 


The active site in the B** complex consists of 
ISL of U6 snRNA, helix I of the U2/U6 duplex, 
loop I of U5 snRNA, and four metal ions that 
are likely magnesium (Mg”*) (Fig. 3A). Imme- 
diately after the 3’ end of the 5’ exon, the pre- 
mRNA is kinked around an Mg”* ion, and the next 
three bases GUA of the 5’SS are unpaired. This 
kink in pre-mRNA is a direct result of the base- 
pairing interactions both preceding the kink (be- 
tween 5’ exon and loop J) and following the kink 
(between part of the 5'SS and the ACAGA box). 
Of the four putative Mg”* ions at the active 
site, three mainly stabilize the delicate fold of 
ISL by neutralizing the negative charges of the 
phosphates. Two structural Mg** ions are bound 
by the phosphate group of the nucleotide G81 
(fig. S14F). The third structural Mg?* is co- 
ordinated by the phosphate groups of the nu- 
cleotides C61 and G77 from U6 snRNA (Fig. 
3B). The only catalytic Mg** ion, which may 
correspond to the metal ion M2 (8), is located 
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Fig. 4. Structural comparison of the RNA elements between the S. cerevisiae B*** complex and 
the S. pombe ILS complex. See (9, 10) for previous work on the spliceosome and splicing. (A) Structural 
comparison of the overall RNA maps between the two spliceosomal complexes. Comparison with the ISL is 
shown in the inset. None of the RNA elements in the catalytic center exhibit marked difference between the 
two complexes. (B) Structural comparison of the individual RNA components between the two spliceosomal 
complexes. There are few differences in the core regions of U5 snRNA (left) or U6 snRNA (middle). Although 
the 3’ portion sequences of U2 snRNA adopt quite different positions between the two spliceosomal 
complexes (right), the sequences in the catalytic center and in helix II remain structurally similar. 
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Fig. 5. Structure of the central spliceosomal component Prp8 (Spp42 in S. pombe) and identifica- 
tion of the switch loop. (A) Overall structure of Prp8 from the B* complex. Prp8 is the only protein that 
interacts with all three snRNAs and pre-mRNA. The RNA components are shown, and the catalytic center 
is circled. (B) Structural comparison between Prp8 of the B** complex and Spp42 of the ILS complex (9). 
Both the N-domain and the core of Prp8 are well aligned to those of Spp42. An extended loop sequence 
(residues 1402 to 1439), designated as the switch loop, is flipped 180° between these two proteins. The two 
ribonuclease H (RNase H) domains exhibit marked positional differences. (C) Structural comparison between 
Prp8 of the Bt complex and Prp8 of the U4/U6.U5 tri-snRNP (38). Only the cores are well aligned. The N- 
domains, RNase H domains, and the Jabl1/MPN domains all exhibit large differences. Similar to that in the ILS 
complex (9), the switch loop of Prp8 in the tri-snRNP points in the opposite direction compared with that in 
the B** complex. (D) The switch loop of Prp8 in the B**t complex closely interacts with the splicing factor 
Cwc21. Together, these two proteins bind the 5’ exon sequences preceding the bases that form base pairs with 
loop | of U5 snRNA. Such a location may allow the switch loop to play a role in 5’ exon loading and stabilization. 
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Fig. 6. Structures of the SF3b complex and the RES complex. (A) Structure of the SF3b complex in 
three perpendicular views. The SF3b complex comprises six proteins Cusl, Hsh49, Hsh155, Rds3, Rsel, 
and Ysf3 in yeast (41). These proteins closely interact with each other and with the SF3a protein Prp1l, 
surrounding the duplex between the BPS and U2 snRNA. (B) A close-up view on the duplex between the 
BPS and U2 snRNA. Note that the invariant adenine nucleotide that harbors the nucleophile for the first- 
step reaction is flipped out of the duplex. (©) Structure of the RES complex with rotation on the axis to 
show the reverse side. Association of the three protein components of the RES complex is greatly 
facilitated by the NTR component Prp45. Of the three RES components, only Snul7 plays a major role 
in RNA binding by directly interacting with four RNA bases in the intron. 
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~3.3 A away from the nearest oxygen atom of 
the scissile phosphodiester bond; this Mg”* ion 
is coordinated by the phosphates of the nucleo- 
tides A59 and G60. Note that A59 and G60 are 
part of the RNA triplex at the active site. 

These structural features demonstrate that 
the active site in the B**' complex is yet to be 
converted to a catalytically activated state (Fig. 
3B). The second catalytic Mg”* atom (M1) is yet 
to be loaded into the active site; G78, known 
to bind M1, remains unengaged. The distance 
between the catalytic nucleotide U80, which is 
known to coordinate both Mg”* ions (8), and 
the nearest metal ion (M2) is 3.8 A, is too far 
away for productive coordination (Fig. 3B). Al- 
though M2 is already recognized by A59 and 
G60 of U6 snRNA in the B** complex, it is 
located away from the corresponding M2 metal 
in the S. pombe ILS complex (Fig. 3C). Thus, for 
the B** complex to become catalytically acti- 
vated, another catalytic Mg** ion needs to be 
incorporated into the active site, and the sur- 
rounding nucleotides of U6 snRNA must undergo 
minor configurational rearrangement. 

Despite the latency of Mg”* coordination, the 
5’ exon is already anchored at the active site 
through base-pairing interactions with loop I of 
U5 snRNA (Fig. 3D). Three bases at the 3’ end of 
the 5’ exon make specific hydrogen bonds (H 
bonds) with U96-U97-U98 of U5 snRNA, whereas 
two preceding bases of the 5’ exon also contact 
bases of loop I. The conformation of loop I is 
stabilized by specific interactions with U6 snRNA 
(Fig. 3D). 


Conservation of the 
active-site conformation 


The overall conformation of the RNA elements 
in the catalytic center is thought to be conserved 
among the B**', B*, C, P, and ILS complexes 
(0). Structural determination of the S. cerevisiae 
B** complex allows assessment of this predic- 
tion. Because U5 snRNA, the N-domain of Prp8, 
and Snull4 represent a central scaffold conserved 
between tri-snRNP and the ILS complex (38), we 
initiated the comparison on U5 snRNA. U5 
snRNA from the S. pombe ILS complex is super- 
imposed very well on that from the S. cerevisiae 
B** complex (Fig. 4, A and B); application of 
the same alignment matrix to the entire RNA 
elements resulted in an overall comparison be- 
tween the two RNA maps (Fig. 4A). U6 snRNA 
molecules from the two spliceosomal complexes 
adopt a highly similar conformation throughout 
the sequences (Fig. 4B). Except minor shifts of 
the phosphodiester backbone and small con- 
figurational rearrangement, the ISL of U6 snRNA 
is well superimposed between these two complexes 
(Fig. 4A, inset). Although the conformation of 
U2 snRNA appears to be divergent, the U2 
snRNA regions that are important for catalysis— 
helix I and helix II—remain unchanged in the 
two complexes (Fig. 4B). 


Prp8 and the switch loop 


The central component Prp8 binds to all four 
RNA elements and displays excellent density 
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(fig. S5). The RNA elements of the splicing 
active site are nestled in a catalytic cavity that 
is formed between the N-domain and the core 
of Prp8 (residues 749 to 1830) (Fig. 5A). Com- 
paring Prp8 of the S. cerevisiae B** complex 
and Spp42 of the S. pombe ILS complex (9) 
reveals a prominent surface loop (referred to as 
the switch loop) that adopts two very different 
positions (Fig. 5B and fig. S18). In the S. cerevisiae 
B** complex, the switch loop (residues 1402 to 
1439) points to the reverse transcriptase (RT) 
palm/finger domain and closely interacts with 
the N-domain, the RT palm/finger domain, and 
the thumb/X domain. In the S. pombe ILS com- 
plex (9), however, the switch loop (residues 1354 
to 1391) is flipped 180°, pointing to the endo- 
nuclease domain and interacting with the linker 
and the endonuclease domain. Additional anal- 
ysis reveals that the switch loop of Prp8 in the 
S. cerevisiae U4/U6.U5 tri-snRNP (38) also points 
in the opposite direction compared with that 
in the B**t complex (Fig. 5C and fig. S18). 

The remarkable positional rearrangement of 
the switch loop likely reflects an important 
function. Close examination of the B** complex 
reveals a close interaction of the switch loop 
with the splicing factor Cwc21 (Fig. 5D). To- 
gether, the switch loop and the splicing factor 
Cwc21 interact closely with the nucleotides of 
5’ exon just before its base-pairing interactions 
with loop I of U5 snRNA. These otherwise free 
nucleotides are bound by Cwc21 and the switch 
loop; this binding stabilizes the interactions 
between the 3’ end nucleotides of the 5’ exon 
and loop I of U5 snRNA. Such interactions 
between Cwc21 and the 5’ exon sequences are 
likely preserved during both steps of the splicing 
reaction. 

Reflecting different functional states of Prp8/ 
Spp42, the ribonuclease H (RNase H) domains 
exhibit pronounced positional differences for 
Prp8 of the S. cerevisiae B*** complex and 
Spp42 of the S. pombe ILS complex (38) (Fig. 
5B), as well as for the B** complex and tri-snRNP 
in S. cerevisiae (9) (Fig. 5C). The Jab1/MPN 
domain of Prp8 also undergoes a marked po- 
sitional shift from the tri-snRNP to the B** 
complex in S. cerevisiae. Another important 
conformational difference between the tri-snRNP 
and the B**' complex is the position of the 
N-domain relative to the Prp8 core (Fig. 5C and 
fig. S18). Compared with that in the tri-snRNP, 
the Prp8 N-domain in the B**' complex is 
shifted 10 to 20 A toward the RT palm/finger 
domain. A similar shift, observed in the com- 
parison between Prp8 of the S. cerevisiae tri- 
snRNP and Spp42 of the S. pombe ILS com- 
plex, is thought to allow proper formation of 
the catalytic cavity in Prp8/Spp42 that hosts 
the splicing active site (38). Consistent with 
this analysis, the position of the N-domain rel- 
ative to the Prp8 core in the S. cerevisiae B°* 
complex is preserved for Spp42 in the S. pombe 
ILS complex (Fig. 5B). Because the N-domain 
of Prp8, Snull4, and U5 snRNA together con- 
stitute a rigid entity (38), such a conformational 
shift aligns the active site conformation and 
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likely occurs during spliceosome assembly and 
maturation. 


The SF3b complex and the RES complex 


The SF3b complex, as part of U2 snRNP, is mainly 
responsible for the recognition of the BPS and 
surrounding sequences in the intron (40). In 
yeast, SF3b comprises six protein components 
Rsel (SF3b130 in human), Hsh155 (SF3b155), 
Cus1 (SF3b145), Rds3 (SF3b14b), Hsh49 (SF3b49), 
and Ysf3 (SF3b10) (47). These six proteins, un- 
ambiguously identified by the density maps (figs. 
S7 and S8), assemble into a compact structure 
(Fig. 6A). 

As the central scaffold of the entire SF3b 
complex, Hsh155 consists of 20 HEAT repeats, 
each comprising a pair of antiparallel a helices. 
These repeats form a left-handed superhelical 
assembly (fig. S19A). Ysf8 interacts with the 
carboxyl-terminal o helices of Hsh155, whereas 
Cus1 in an extended conformation binds the six 
carboxyl-terminal HEAT repeats outside the super- 
helical assembly (fig. S1I9B). Rsel, comprising three 


Negative 


U6 
snRNA Intron 


Negative 


B-propellers organized into a Y-shaped structure 
(fig. S19C), serves as another scaffold of the SF3b 
complex. Ysf3 together with a short a helix at the 
carboxyl terminus of Hsh155 are sandwiched be- 
tween the first and third B-propellers of Rsel 
(Fig. 6A and fig. S19D). This organization places 
the third B-propeller of Rse1 in close contact with 
one end of Cus! and the ridges of the carboxyl- 
terminal HEAT repeats of Hsh155. Rds3 is bound 
in the hollow center of the Hsh155 super- 
helical assembly, making contact to the first 
B-propeller of Rsel. Hsh49 is defined by weak 
EM density and interacts with Cusl from the 
outside (Fig. 6A). 

The lateral opening of the Hsh155 superhelical 
assembly is bound by a duplex between BPS and 
U2 snRNA (fig. S15, A to C), which is defined by a 
large number of Watson-Crick H bonds (Fig. 6B). 
Nucleotide sequences following the 3’ end of the 
BPS zigzag through the hollow center of the Hsh155 
superhelical assembly and exit from the other side 
of the spiral, interacting with residues from both 
Hsh155 and Rds3. The ensuing intron sequences 
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Fig. 7. Recognition of the intron sequences by the SF3b complex. (A) The BPS and surrounding 
sequences of the intron are recognized by Hsh155 and Rds3 of the SF3b complex. Cusl and the SF3a 
protein Prp1l are shown as references in the cartoon representation (left). The fully extended pre-mRNA 
molecule follows the positively charged surface patches in Hsh155 and Rds3 (right). (B) Cancer-derived 
mutations target residues in Hsh155: 36 residues that are targeted for cancer-derived mutations are 
mapped onto the structure of Hsh155. A large majority of these residues are located in the HEAT repeats 4 
to 7 of Hsh155 that bind the pyrimidine-rich sequences of the intron. (©) The SF3a protein Prp11 recognizes 
both the 5'SS and the duplex between the BPS and U2 snRNA. Prpll has an extended conformation. Two 
residues, Tyr3 and Lys11, at the amino terminus of Prp11 help coordinate the 5'-guanine nucleotide of the 
5'SS, whereas the carboxy-terminal zinc finger domain and surrounding sequences of Prp1l recognize the 
BPS-U2 snRNA duplex. (D) The RNA-binding surface of Prp11 is highly positively charged. The electrostatic 
surface potential is shown for Prpll (left), with close-up views shown for the two primary sites of RNA 


binding (right). 
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Fig. 8. Catalytic latency of the B**t complex. (A) Overall structure of the B** complex (left) and the 
arrangement of the RNA elements (right). The spliceosomal components are color coded. (B) A close-up 
view on the two reacting moieties of the first-step reaction. The 2’-OH of the ribose of the invariant adenine 
nucleotide in the BPS—the nucleophile—is positioned ~49 A away from the phosphorous atom of the 5’- 
guanine nucleotide in the 5’SS. (C) A close-up view on the invariant adenine nucleotide in the BPS. 
Compared with surrounding bases, the adenine base is flipped out of registry and interacts closely with 
surrounding residues from Hsh155. (D) A close-up view on the 5’-guanine nucleotide in the 5’SS. The 
guanine base interacts with residues from Cwc24 and Prpll. The 1585 loop of Prp8 (magenta) is located 


close to the 5'SS (63). 


are recognized by the RES complex (fig. S15E). 
Note that the only SF3a protein, Prp11, binds to 
Cus1 and specifically recognizes the intron-U2 
snRNA duplex (Fig. 6A). 

The RES complex, which is important for RNA 
splicing and retention of the unspliced pre-mRNA, 
consists of Pmll, Snul7, and Bud13 (42). It closely 
stacks against the SF3b complex (fig. SISE). Forma- 
tion of the RES complex appears to be stabilized by 
the NTR component Prp45 (residues 193 to 350), 
which wraps around Pmll and Bud13 (fig. S9A) 
and places the RES complex between Hsh155 
and the RT palm/finger region of Prp8. Bud13 
binds Snu17, and an extended £ sheet of Snul17 
is involved in specific recognition of the 3’ end 
intron sequences (Fig. 6C). 


Recognition of the intron 


Specific recognition of conserved intron sequences 
is a prerequisite for faithful splicing of pre-mRNA. 
The negatively charged intron sequences track 
along the positively charged surface patches de- 
fined by Hsh155 and Rds3 (Fig. 7A). The canonical 
BPS contains seven nucleotides 5’-U1-A2-C3-U4- 
A5-A6-C7-3'. Except for the nucleophile-containing 
adenine nucleotide A6, the bases of all other six 
nucleotides form Watson-Crick H bonds with the 
corresponding bases in U2 snRNA. Notably, none 
of the seven bases is specifically recognized by 
an amino acid. In contrast, the phosphate groups 
in six of the seven nucleotides are recognized by 
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H bonds. Altogether, the intron sequences are 
recognized by ~30 H bonds, of which about 
70% are directed at the backbone phosphates. 

Hsh155 is frequently mutated in various hem- 
atological malignancies (43). We mapped 36 
residues that are targeted for cancer-derived 
mutations onto the structure of Hsh155 (Fig. 
7B). A large majority of these residues map to 
the HEAT repeats 4 to 7 of Hsh155 that bind 
the pyrimidine-rich sequences to the 3’ end 
of the BPS. Presumably, these mutations may 
compromise the ability of Hsh155 to recognize 
the intron sequences and thus adversely affect 
splicing. 

The SF3a protein Prp1l appears to play a key 
role in orienting the intron for the first trans- 
esterification (Fig. 7C). The amino-terminal res- 
idues Tyr? and Lys" of PrpIl are both involved 
in recognition of the 5’-guanine nucleotide of 
the 5’SS, whereas positively charged amino acids 
at the carboxyl terminus of Prp11 specifically 
contact the duplex between BPS and U2 snRNA. 
The highly positively charged electrostatic sur- 
face potential of these two regions of Prp1l 
likely facilitates binding of the pre-mRNA se- 
quences (Fig. 7D). 


The splicing factors 


The ribonucleoprotein-particle remodeling ATPases/ 
helicases and splicing factors play an essential 
role in the two-step splicing reaction by priming 


the appropriate spliceosomal complexes (44). Two 
ATPases/helicases (Brr2 and Prp2) and four splicing 
factors (Cwe21, Cwc22, Cwce24, and Cwc27) are 
identified in the B*“ structure. The splicing factor 
Cwc21 encodes the functional ortholog of SRm300, 
the only serine-arginine-rich (SR)-related protein 
at the core of the human catalytic spliceosomes 
(45). A single B strand of Cwc21 forms a f sheet 
with a pair of antiparallel 8 strands in the switch 
loop of Prp8; residues from Cwc21 make close 
contacts to several nucleotides in the 5’ exon (fig. 
S$20A). Cwe21 may play a role in the proper 
orientation of pre-mRNA toward the first-step 
reaction. In addition, Cwc21 and the MA3 
domain of Cwc22 are located close to each 
other, both interacting with the core of Prp8& 
(fig. S20A). Cwc24 contains three zinc ions, two 
in the RING domain and one in a C3H-type zinc 
finger. The RING domain is bound to Rsel, 
whereas the C3H-type zinc finger is located at 
the active site and directly coordinates the bases 
GU in the 5’SS (fig. S20B). Cwc27, a peptidyl- 
prolyl cis-trans isomerase (46), simultaneously 
interacts with both the helix-loop-helix domain 
of Brr2 and the endonuclease domain of Prp8& 
(fig. S20C). 

Brr2, which drives the transition from the B to 
B** complex (47-50), simultaneously interacts with 
five proteins: two splicing factors Cwc24 and 
Cwc27, two SF38b scaffold proteins Rsel and 
Hsh155, and the Jab1/MPN domain, as well as, 
to a lesser extent, the endonuclease domain of 
Prp8. Prp2, together with Spp2, is thought to 
facilitate the structural transition from the B** 
to B* complex (57-54). This transition requires 
the departure of the SF3b complex and a number 
of splicing factors in the active site (3). Prp2 di- 
rectly contacts the outside of the Hsh155 super- 
helical assembly and is located close to the RES 
complex and the 3’ end sequences of the intron 
(fig. S20D). The convenient location of Prp2 
likely allows it to facilitate disassembly of the 
SF3b complex. 


Discussion 


The atomic structure of the B** complex reveals 
a partially activated conformation of the spliceo- 
some. With the help of the SF3b complex and 
other protein factors, the 5’SS and BPS are already 
recognized by U6 and U2 snRNAs, respectively 
(Figs. 2 and 8A). The 5’ exon is anchored to loop 
I of U5 snRNA with the help of Cwc21 and 
Prp1l. Both the nucleophile-containing adenine 
nucleotide in the BPS and the 5’-guanine nucle- 
otide of the 5’SS are already flipped out of reg- 
istry from neighboring nucleotides, poised for 
the first transesterification (Fig. 8B). However, 
these two reactive moieties are separated by a 
distance of about 49 A, each coated by specific 
protein factors (Fig. 8, C and D). The adenine 
nucleotide is nestled in a surface pocket of Hsh155, 
with its ribose 2'-OH, its adenine base, and the 
phosphate group each accepting a H bond from 
Lys™°, Asn”, and Lys*"®, respectively (Fig. 8C 
and fig. S16D). In addition, the adenine base is 
sandwiched by Val’*’ and Arg”* of Hsh155 (fig. 
S15D). In analogy to the adenine nucleotide of 
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BPS, the guanine nucleotide of the 5’SS is also 
recognized by three H bonds (Fig. 8D); the ribose, 
the base, and the phosphate are H bonded by 
Lys" of Prpll, the amide group of Lys’ of 
Cwc24, and the Tyr? of Prp1l, respectively. The 
guanine base is sandwiched by Tyr’ and Phe™ 
of Cwc24 (fig. S16B). The 1585 loop of Prp8, 
which is thought to play an important role in 
pre-mRNA splicing (55), is located nearby (Fig. 
8D and fig. S16A). The catalytic latency of the 
B** complex is also manifested by the incom- 
pletely formed active site and the coordination 
of the Mg** ions (Fig. 3). Thus, the B**t com- 
plex must undergo an additional step of gross 
structural rearrangement before the splicing 
reaction can commence. 

Structure of the B** complex allows compar- 
ison of the RNA maps with the U4/U5.U6 tri- 
snRNP (fig. S21). In our tri-snRNP structure from 
S. cerevisiae (38), the pre-mRNA is already loaded, 
with its 5’ exon anchored by loop I and the 5’SS 
recognized by the ACAGA box. The unanticipated 
finding of pre-mRNA binding to the tri-snRNP 
is supported by published biochemical evidence 
(56, 57). In the B** complex, the 5’ exon sequences 
are similarly anchored by loop I; but U6 snRNA 
has undergone marked structural rearrangement 
(fig. S21). However, the 5’SS remains partially 
bound to the ACAGA box, and the duplex is placed 
in the same general location as that of the tri- 
snRNP. In another structure of the S. cerevisiae 
tri-snRNP (39), sequences at the 5’ end of U6 
snRNA, as opposed to pre-mRNA in our struc- 
ture (38), were assigned to form a duplex with 
loop I of U5 snRNA. These two contrasting struc- 
tures may represent two different states of 
the tri-snRNP: one before pre-mRNA binding 
and one after. Before pre-mRNA binding, U6 
snRNA may serve as a decoy to occupy the same 
general location. 

The B** complex is not catalytically activated 
yet and must undergo pronounced structural 
remodeling mediated by the RNA-dependent 
ATPase/helicase Prp2. Prp2 directly contacts 
Hsh155 of the SF3b complex and is located 
next to the 3’ end of the intron and close to the 
RES complex. Conceivably, ATP binding and 
hydrolysis may allow Prp2 to dissociate the 
SF3b and RES complex from the intron. These 
changes likely result in the exposure of the 
nucleophile in the BPS. But in order for the 
nucleophilic attack to occur, the protein com- 
ponents surrounding the guanine nucleotide 
of the 5’SS (such as Cwc24 and Prp11) need to 
be dissociated. Both the splicing factor Cwc24 
and the SF38a protein Prpll simultaneously 
interact with the SF3b complex and the active 
site in the B* complex (Fig. 7C and fig. S20B). 
We speculate that perhaps these two proteins 
may sense the dissociation of the SF3b com- 
plex and help prime the nucleophile from BPS 
for the first-step reaction. 

The findings reported in this manuscript rep- 
resent a preliminary analysis of the intricate 
structure of the S. cerevisiae B*“ complex. The 
functional importance of the numerous protein- 
protein and protein-RNA interfaces, along with 
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myriad atomic interactions, remains to be scru- 
tinized. This analysis applies equally to the 
S. pombe ILS complex (9, 10). The RNA confor- 
mations and the active site specifics in the B°* 
complex are reminiscent of those in the self- 
splicing group IIC intron (58) (fig. S22). Notably, 
predictions for the active site of the spliceosome 
was first proposed on the basis of structural 
studies of the group II introns (59, 60). In the 
current B**t complex, six proteins contains a 
total of at least 13 zinc ions (fig. S23); the 
functions of these zinc fingers await future 
experimental investigations. In summary, the 
detailed snapshots of the S. cerevisiae B** 
complex, which acts before the first-step reaction, 
and the S. pombe ILS complex, which already 
has the ligated exon released (9, 10), have out- 
lined a molecular framework for mechanistic 
understanding of pre-mRNA splicing. 
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A 15-step synthesis of (+)-ryanodol 


Kangway V. Chuang,* Chen Xu,* Sarah E. Reismant{ 


(+)-Ryanodine and (+)-ryanodol are complex diterpenoids that modulate intracellular calcium-ion 
release at ryanodine receptors, ion channels critical for skeletal and cardiac muscle 
excitation-contraction coupling and synaptic transmission. Chemical derivatization of these 
diterpenoids has demonstrated that certain peripheral structural modifications can alter 
binding affinity and selectivity among ryanodine receptor isoforms. Here, we report a short 
chemical synthesis of (+)-ryanodol that proceeds in only 15 steps from the commercially 
available terpene (S)-pulegone. The efficiency of the synthesis derives from the use of a 
Pauson-Khand reaction to rapidly build the carbon framework and a SeO2-mediated 
oxidation to install three oxygen atoms in a single step. This work highlights how strategic C-O 
bond constructions can streamline the synthesis of polyhydroxylated terpenes by minimizing 


protecting group and redox adjustments. 


erpenes are a large and structurally diverse 

family of natural products that range from 

simple hydrocarbons associated with flavors 

and fragrances, to complex, highly oxidized 

polycyclic molecules such as the antimalarial 
drug artemisinin, and the anticancer compounds 
ingenol and taxol (7). Although terpenes are iso- 
lated from natural sources, it can be challenging 
to translate their biological activity into a prac- 
tical application (2). In some cases, the hurdle is 
low natural abundance; at other times, it is the 
difficulty encountered by chemists seeking to 
precisely edit a terpene’s molecular structure to 
improve its drug-like properties or interrogate its 
role in modulating disease pathways. The devel- 
opment of concise chemical syntheses of terpenes 
can transform our ability to use these molecules 
and their synthetic derivatives as biological probes 
or as lead compounds for the development of new 
medicines (3-5). Furthermore, these scientific efforts 
often innovate chemical reactivity or synthetic 
design concepts (6). 

The natural product ryanodine (1) (7, 8) and 
its hydrolysis product ryanodol (2) (8, 9) are 
among the most highly oxidized and synthetically 
challenging diterpenoids reported to date (Fig. 1A). 
Isolated from the tropical shrub Ryania speciosa 
Vahl in connection with its insecticidal properties 
(7), ryanodine is the namesake ligand of the ryan- 
odine receptors (RyRs) (JO), an important family 
of ion channels that regulate intracellular Ca?* 
release and play a critical role in signal transduc- 
tion (7). In mammalian cells, these receptors exist 
in multiple isoforms (RyR1, RyR2, and RyR3) that 
serve to mediate both movement and cognitive 
function. Mutations of RyRs are associated with 
genetic diseases such as malignant hyperthermia 
and central core disease (72), whereas altered ex- 
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pression of RyR2 and RyR3 has been associated 
with the pathogenesis of neurodegenerative dis- 
orders such as Alzheimer’s disease (73). Ryan- 
odine binds with high affinity to the conducting 
state of RyRs, exerting concentration-dependent 
modulation of Ca?* release: At nanomolar con- 
centrations, ryanodine locks RyRs in an open, 
subconductance state, whereas at higher con- 
centrations, ryanodine causes closure of the chan- 
nels (J4). The deacylated compound ryanodol 
binds with lower affinity than 1 to mammalian 
RyRs; however, it still induces a subconductance 
state and has been reported as a reversible probe 
of RyR-mediated Ca" release in cells (15). 

Since the initial reports describing the isolation 
of ryanodine from Ryania, a number of con- 
geners (known as ryanoids) that vary in oxidation 
pattern have been isolated (16-20). Whereas 
ryanodol—the compound obtained by hydrolysis 
of ryanodine—has not yet been isolated directly 
from a natural source, the closely related compound 
C3-epi-ryanodol (4) was isolated by Gonzaléz- 
Coloma from Persea indica (18). Indeed, owing to 
their structural similarities, C3-epi-ryanodol (4) 
was initially erroneously reported to be ryanodol 
(2); however, the structure of the Coloma-Gonzaléz 
isolate (27) was recently reassigned through the 
synthetic efforts of Inoue (see below) (22). These 
subtle differences in structure exert a pronounced 
effect on RyR binding: C3-epi-ryanodine (5), 
prepared from 4, binds to RyRs with an affinity 
1/100th that of 1 (23). 

Given the biological importance of the RyRs, 
the ryanoids have been the focus of both total 
synthesis and derivatization efforts. In 1979, 
Deslongchamps and co-workers disclosed a total 
synthesis of (+)-2, which hinged on a key Diels- 
Alder cycloaddition and a series of elegantly de- 
signed intramolecular aldol reactions to assemble 
the tetracyclic ABCD framework (Fig. 1B) (24-28). 
In a classic example of relay synthesis, the deg- 
radation product (+)-anhydroryanodol (3) was 
converted to (+)-ryanodol (2) in a final two-step 


sequence (28), providing the target molecule in 
41 total steps (37 steps in its longest linear se- 
quence). A more recent series of studies from 
Inoue and co-workers highlighted the utility of 
several radical-based C-O and C-C bond-forming 
reactions in a total synthesis that furnishes (+)-2 
(29) and (+)-& (22), each in 35 total steps. These 
studies allowed Inoue et al. to correctly reassign 
the structure of the natural product isolated from 
P. indica (18) as C3-epi-ryanodol (4). Inoue and co- 
workers subsequently reported that their synthe- 
sis could be rendered enantioselective through a 
catalytic asymmetric desymmetrization process 
and that an appropriately protected derivative of 
(+)-2 could be elaborated to (+)-1 in five synthetic 
steps (30, 31). In addition to these total syntheses, 
several medicinal chemistry studies have focused 
on the derivatization of ryanodine and ryanodol 
(32-34). Here, we disclose a direct and concise 
strategy to access the central ryanoid ring system, 
which has enabled the chemical synthesis of 
(+)-ryanodol (2) in only 15 steps from commercially 
available starting materials. These studies pro- 
vide a synthetic platform from which it will be 
possible to prepare previously inaccessible ryanoid 
derivatives. 

Perhaps the most substantial synthetic chal- 
lenge embedded within the structure of 2 is the 
highly oxidized five-membered A-ring, which bears 
an all-carbon quaternary center and four ad- 
ditional stereogenic carbons bonded to oxygen 
(Fig. 1A). A concise synthesis of 2 requires a care- 
fully choreographed introduction of these moieties 
to minimize redox, protecting group, and func- 
tional group transformations. Guided by the land- 
mark studies of Deslongchamps and co-workers 
(28), we identified the Cl-C15 bond of ryanodol (2) 
as the most simplifying and strategic initial retro- 
synthetic disconnection (Fig. 1B). This analysis 
revealed the tetracyclic lactone anhydroryanodol 
(3) as our initial synthetic target (Fig. 1C), with the 
isopropyl group introduced at a late stage through 
a transition metal-catalyzed cross-coupling re- 
action of enol triflate 6; this approach would 
also allow for versatile incorporation of alterna- 
tive carbon-based fragments to facilitate long- 
term goals of preparing ryanoid derivatives. We 
anticipated that the requisite A-ring oxidation 
pattern could be accessed via chemo- and stereo- 
selective functionalization of cyclopentenone 7, 
whereby the enone would provide a functional 
group handle to install the critical C3, C4, and 
C12 alcohols of 2. We envisioned preparing cyclo- 
pentenone 7 by an intramolecular Pauson-Khand 
reaction (35), a transformation that would be facili- 
tated by the conformational rigidity of bicyclic 
lactone 8. Lactone 8 could arise through a series 
of transformations from (S)-pulegone, a com- 
mercially available terpene. By this analysis, the 
oxygen atoms at C6, C10, and Cll would be in- 
corporated early in the synthesis, whereas the 
oxygen atoms at C3, C4, and C12 would be in- 
troduced at a late stage. With the implementation 
of appropriate protecting groups, we anticipated 
that this strategy would minimize synthetic manip- 
ulations ancillary to the direct construction of 
the natural product. 
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We first investigated the stereoselective oxida- 
tion of (S)-pulegone (10) to install the C6 and C10 
alcohols of the C-ring (Fig. 2), envisioning func- 
tionalization at both carbons via enolates accessed 
by y- or a’-deprotonation of the ketone, respec- 
tively. Preliminary experiments confirmed that 
the C6-alcohol could be installed with 2.5:1 dia- 
stereomeric ratio (dr) through generation of the 
thermodynamic dienolate with potassium hexa- 
methyldisilazide (KHMDS) followed by quenching 
with oxaziridine 11 (36). Noting that KHMDS did 
not appear to directly react with oxaziridine 11 at 
-78°C, we hypothesized that a one-step protocol 
involving excess KHMDS and 11 might simulta- 
neously install both alcohols. Indeed, treatment 
of 10 with 2.5 equivalents (equiv.) of KHMDS at 
-78°C followed by dropwise addition of 2.4 equiv. 
of 11 provided o,a’-diol 12, which could be 
isolated as a single diastereomer in 42% yield 
(120 mmol scale). Although the yield is modest, 
this single transformation converts a simple terpene 
to a valuable building block with the requisite 
ryanodol C-ring oxidation pattern. We improved 
the efficiency of this transformation to 50% yield 
by modification of the standard procedure on a 
smaller scale (10 mmol, see supplementary mate- 
rials). However, given the operational simplicity 
of the former procedure on larger scales, this pro- 
tocol was preferentially employed for increased 
material throughput. 

Treatment of diol 12 with excess benzyl chloro- 
methyl ether effected protection of both alcohols 
as benzyloxymethyl ethers to give 13. At this stage, 
the D-ring was constructed by an efficient four-step 
sequence. First, addition of propynylmagnesium 
bromide to 13 at 0°C proceeded in 5:1 dr, providing 
the equatorially disposed alkyne in 81% isolated 
yield. Ozonolytic cleavage of the 1,1-disubstituted 
olefin proceeded in high yield to afford methyl ke- 
tone 14. Although aN, N-dicyclohexylcarbodiimide- 
mediated phosphonoacylation and intramolecular 
Horner-Wadsworth-Emmons lactone synthesis 
had proved moderately effective in model studies 
lacking C10 oxidation, the tertiary alkynol of 14 
proved resistant to acylation under a number of 
conditions. Presumably, the increased steric en- 
cumbrance and inductively withdrawing C10-ether 
sharply decreases the nucleophilicity of the tertiary 
alkynol. Instead, ketone 14 was efficiently con- 
verted to o,8-unsaturated lactone 15 via 1,2-addition 
of ethoxyethynylmagnesium bromide followed 
by an Ag-catalyzed cyclization and elimination 
cascade (37). 

With lactone 15 in hand, 1,4-addition of mag- 
nesium divinyl cuprate provided the corresponding 
enyne 16 as a single diastereomer in 84% yield, 
forging the critical all-carbon quaternary center 
at C5 while simultaneously setting the stage 
for a key Pauson-Khand cyclization. A number 
of Pauson-Khand procedures were screened 
for their ability to deliver 17 in both high yield 
and diastereoselectivity (Table 1). Although stan- 
dard conditions (38, 39) using stoichiometric 
amounts of Co(CO)g produced the desired pro- 
duct, separation of diastereomeric enone 17' 
proved challenging and indicated that a more 
selective protocol was necessary. Monometallic 
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(S)-pulegone (10) 
Fig. 1. Ryanodine and selected ryanoids. (A) Chemical structures of (+)-ryanodine (1), (+)-ryanodol 


(2), (+)-anhydroryanodol (3), 3-epi-ryanodol (4), and 3-epi-ryanodine (5). (B) Carbon numbering and ring 
system letter assignment. (C) Retrosynthetic analysis of anhydroryanodol. 
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Table 1. Evaluation of Pauson-Khand reaction conditions. 


Conditions* drt Yield (%)* 


5 [RhCI(CO)>]> (1 mol %), CO (1 atm), m-xylene, 110°C 


*Reactions conducted on 0.2 mmol scale. THF, tetrahydrofuran; DMSO, dimethylsulfoxide; NMO, N- 
methylmorpholine N-oxide; DMF, N,N-dimethylformamide. Determined by H-NMR spectroscopy. tlsolated 
yield after purification by silica gel chromatography. 
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3. Me—==—MgBr 
H BnO BnO 
a t 5 si - i" 9 THF, 0°C > > OH 
an 1. KHMDS, then 10 2. BnO~ ~Cl (5:1 dr, 81% yield) oe 
Me —_—_—____—_ > Me ——_—_—_—_—_> Me Me —>~Me 
PAN Ph Nv 3 iPr,NEt, TBAI 4. O3/O2, CHaClo/MeOH 
1~SO.Ph ah - O3/Oa, CHaCla 
Me Ws 2 we) Me CHpCl>, 50 °C aoe Me _78 *C, then PPh, BnoW_-? Me 
Me y THF, -78 °C H (65% yield) (91% yield) 
10 (42 - 50% yield) 12 13 14 
fo) 5. EtO MgBr 
BnO BnO : 9g 
i" O Me 8. [RhCl(CO).]> MaBr “7, (0) THF, 23 °C 
O et ae mol %) 7 Msg fim (75% yield) 
Me <—_—_____——-__ Me —=>—~—me 
co aa atm) Cul, THF 6. AgOTE (2 mol %) 
Me H m-xylene, ree °C -78 to -30 °C fe) Me PhMe, 0 °C 
(85% yield) (84% yield) Silane (90% yield) 
6g scale 
N Cl 
0 7 i 
9. SeO,, 4AMS OH TiN ~N M SnBug 
— 
1,4-dioxane 'ProNEt, CH2Cl PdCl.(PPh3)> 
110 °C 60s LiCl, 2-MeTHF 
(28% yield, 2 steps) (64% yield) 
14. CF;CO3H 5 
NasHPO, Rie (Me 12. LiBH,, THF BnO— Me 
Me 1,2-DCE, 20°C then ‘5 ie) 
% 7 M 
(86% yield) vis Me KHF>/MeOH iy le 
: 15. Li?, NH3/THF : 13. Hy, Pd(OH) 2/C : 
none oy 4 “78°C. note au © FIOM, 22°C ge 7 
Sy (38% yield) ‘y (61% yield, 2 steps)  BnO~~ ” Sy 


(+)-ryanodol (2) 


(+)-anhydroryanodol (3) 


Fig. 2. Complete synthetic sequence for the chemical synthesis of 
(+)-anhydroryanodol and (+)-ryanodol. Reagents and conditions as follows: 
1. potassium hexamethyldisilazide (2.5 equiv.), THF —78°C; then 11 (2.4 equiv.), 42 
to 50% yield. 2. Benzyl chloromethyl! ether (5.0 equiv.), 'ProNEt (8.0 equiv.), 
"BugNl (2.0 equiv.), CH2Cle, 50°C, 65% yield. 3. Propynylmagnesium bromide, 
THF, 0°C, 81% yield, 5:1 dr. 4.03/02, CH2Cle/MeOH (4:1), -78°C; then PPhs, 91% 
yield. 5. Ethoxyethynylmagnesium bromide (5.0 equiv.), THF, O°C, 75% yield. 
6. AgOTf (2 mol %), PhMe, 0°C, 90% yield. 7. Cul (3.0 equiv.), vinylimagnesium 


bromide (6.0 equiv.), THF, —78° to —30°C, 84% yield. 8. [RhCI(CO)2]2 (1 mol %), 
CO (1 atm), m-xylene, 110°C, 85% yield. 9. SeOz (10 equiv.), 4 A MS, 
1,4-dioxane, 110°C. 10. Comins’ reagent, 'PraNEt, CH2Clo, -78° to 0°C, 
28% yield, two steps. 11. PdClo(PPh3)z, tributyl(prop-l-en-2-yl)stannane, 
LiCl, 2-MeTHF, 85°C, 64% yield. 12. LiBH4, THF, -15° to -10°C; then KHF2/ 
MeOH. 13. H2, Pd(OH)2/C, EtOH, 61% yield, two steps. 14. Trifluoroacetic 
anhydride, urea hydrogen peroxide, NasHPO.z, 86% yield. 15. Li° wire, 


mediators were found to improve the dr, with 
Mo(CO)3(DMF)z (40) providing 17 as a single 
diastereomer in 67% yield. Despite the service- 
able yield and scalability of this transformation, 
we sought a more efficient protocol that could 
obviate the need for stoichiometric metals and 
their attendant by-products. Treatment of 16 
with 1 mol % [RhCl(CO).]. (42) under an at- 
mosphere of carbon monoxide provided the 
desired product in 85% yield, again as a single 
diastereomer. This reaction has been conducted 
on a multigram scale, providing 5.7 g of enone 
17 in a single pass. Single-crystal x-ray diffrac- 
tion analysis of 17 confirmed both the absolute 
configuration and structural assignment of this 
key tetracyclic intermediate. 

The successful realization of the Pauson-Khand 
cyclization led us to the next phase of our synthetic 
studies: chemo- and stereoselective functional- 
ization of the A-ring through the introduction of 
the C3, C4, and C12-alcohols, as well as the C2- 
isopropyl unit. To this end, initial investigations 
were aimed at oxidation of the C4 allylic methine 
of 17, but efforts in this vein were thwarted by un- 
desired reactivity. For example, established methods 
for allylic oxidation via reactive radical species 
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[e.g., Pd(OH)2/C/t-BuOOH (42) or Rho(cap)4/t- 
BuOOH (43)] were unfruitful owing to competi- 
tive functionalization of the C1-C12 olefin (i.e., 
epoxidation, 1,2-difunctionalization). Although we 
considered the possibility of advancing these un- 
anticipated products further in the synthesis, it 
was unclear how to achieve efficient transposi- 
tion to the requisite oxidation pattern. 

Instead, we turned to C3-functionalization of 
17 using SeO, (44), anticipating that the enone 
might be readily oxidized to the corresponding 
a-diketone (Fig. 3). We found that treatment of 
17 with excess SeO, in wet 1,4-dioxane at 110°C 
not only effected C3-oxidation, but also the for- 
mal hydration of the enone, thereby installing 
the necessary C12-alcohol and providing dios- 
phenol 21. Hypothesizing that rigorous exclusion 
of water might promote C4-allylic hydroxyla- 
tion before diketone formation, we subjected 
enone 17 to SeO, under anhydrous conditions 
in the presence of 4A molecular sieves (4A MS). 
Prolonged heating at 110°C in 1,4-dioxane pro- 
vided a distinct product, which had incorporated 
an additional oxygen as determined by mass 
spectrometry analysis. Rigorous structural as- 
signment of this compound revealed it to be the 


NH3/THF, -78°C, 38% yield. 


fully oxidized diosphenol 18, a compound with 
the C4, C12 syn-vicinal diol of 2. This single-step 
transformation installs the necessary oxygen 
atoms at C3, C4, and C12 while simultaneously 
providing a functional group handle for in- 
corporation of the C2-isopropyl group. 
Because C4-deoxy analog of ryanodine is itself 
a natural product, deoxyspiganthine (20), and 
could be of interest for future biological studies, 
we optimized procedures to prepare both 18 
and 21 (Fig. 3). Given concerns that contamina- 
tion by 'H-nuclear magnetic resonance (‘H-NMR) 
silent, red selenium by-products resulted in arti- 
ficially inflated isolated yields, our optimization 
efforts were guided by ‘H-NMR yields determined 
by integration versus an added standard. Iso- 
lated yields were determined after conversion 
to corresponding enol triflates 19 and 22, which 
could be obtained as analytically pure com- 
pounds. Thus, subjection of tetracycle 17 to 
10 equiv. of SeO, in wet 1,4-dioxane at 110°C 
for 1 hour provided 21 in 67 to 69% 'H-NMR 
yield, and the corresponding vinyl triflate 22 in 
56% isolated yield over two steps. Alternatively, 
treatment of 17 with 10 equiv. of SeO, in an- 


hydrous 1,4-dioxane in the presence of freshly 
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| 1,4-dioxane, 110 °C 
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1,4-dioxane, 110 °C 
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‘ProNEt, CH2Clo 
-78 to0 °C 
(56% yield, 2 steps) 


'ProNEt, CH2Clo 
-78 to 0 °C 
(28% yield, 2 steps) 


Fig. 3. Selenium dioxide-mediated A-ring oxidation. In the presence of water, SeO2-mediated 
oxidation of enone 17 provides 21. In the absence of water, further oxidation occurs to deliver 18. 


activated 4A MS at 110°C for 9 hours provided 
18 in 33 to 35% H-NMR yield, and viny] triflate 
19 in 28% isolated yield over two steps. Despite 
the modest yield, this sequence accomplishes the 
stereospecific incorporation of three oxygen atoms, 
proceeds with an average efficiency of ~70% yield 
per transformation, and fares well in comparison 
to conceivable multiple step protocols to achieve 
the same reactivity. Although the precise mech- 
anism of the SeO.-mediated oxidation remains 
unclear at this time, investigations are ongoing 
and should aid the development of a more 
efficient protocol. 

In the final stages of the synthesis, advance- 
ment of 19 to (+)-anhydroryanodol was achieved 
by a three-step sequence. Palladium-catalyzed 
cross-coupling between 19 and tributyl(2-propenyl) 
stannane installed the final three carbons, de- 
livering 20 in 64% yield. LiBH,-mediated 1,2- 
reduction stereoselectively furnished the C3 
alcohol, which was subjected to H, and Pd(OH),/ 
C to simultaneously reduce the disubstituted 
olefin and remove the benzyloxymethyl groups, 
providing (+)-3 in 61% yield over two steps. 
Using this route, we have prepared >400 mg 
of (+)- anhydroryanodol to date. Conversion of 
this material to (+)-ryanodol was achieved via a 
slight modification of Deslongchamps’s two-step 
protocol (28). Treatment of 3 with trifluoroper- 
acetic acid, freshly prepared from trifluoroacetic 
anhydride and urea hydrogen peroxide (in place 
of the originally reported concentrated hydro- 
gen peroxide), cleanly afforded epianhydrorya- 
nodol epoxide in 86% yield. Subjection of this 
material to Li° in NH, (distilled from Na®) at 
-78°C resulted in reductive cyclization to pro- 
duce (+)-2 in 38% yield (lit. 60% yield). In our 
hands, the reaction profile was highly dependent 
on the purity of the ammonia. Specifically, in- 
dependent control reactions conducted with 
ammonia condensed directly from the gas cyl- 
inder, or using redistilled ammonia with either 
added H,O (10 equiv.), or exogenous Fe-salts 
(45), revealed that these parameters all substan- 
tially affect the ratio of 2 to carbonyl-reduction 
products, as well as the formation of minor 
unidentified degradation products. 


SCIENCE sciencemag.org 


The concise synthesis of (+)-ryanodol described 
here proceeds in only 15 synthetic steps (0.42% 
overall yield) from (S)-pulegone (10), fewer than 
half the steps of the previously disclosed syntheses 
by Deslongchamps e¢ al. (37 linear steps, 0.23% 
yield) and Inoue et al. (35 linear steps, 0.008% 
yield). The efficiency of our approach derives 
from the development of a direct and scalable 
route to key cyclopentenone 17, which can be 
prepared on a multigram scale in only eight steps 
and rapidly elaborated to (+)-anhydroryanodol. 
The strategic use of C-O bond-forming reac- 
tions minimizes redox adjustments and the use 
of protecting groups. Indeed, the five alcohols 
found in (+)-3 are incorporated with just two 
transformations: the dihydroxylation of 10 and 
the SeO,-mediated oxidation of enone 17. More- 
over, all but the C3-alcohol are introduced with 
the correct carbon oxidation level. We anticipate 
that the brevity of the synthesis will render fea- 
sible the design and preparation of ryanoid de- 
rivatives for studying RyR function. 
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ULTRAFAST DYNAMICS 


Attosecond dynamical Franz-Keldysh 
effect in polycrystalline diamond 


M. Lucchini,’* S. A. Sato,” A. Ludwig,’ J. Herrmann,’ M. Volkov,’ L. Kasmi,* 
Y. Shinohara,” K. Yabana,” L. Gallmann,’* U. Keller’ 


Short, intense laser pulses can be used to access the transition regime between classical and 
quantum optical responses in dielectrics. In this regime, the relative roles of inter- and 
intraband light-driven electronic transitions remain uncertain. We applied attosecond 
transient absorption spectroscopy to investigate the interaction between polycrystalline 
diamond and a few-femtosecond infrared pulse with intensity below the critical intensity of 
optical breakdown. Ab initio time-dependent density functional theory calculations, in 
tandem with a two-band parabolic model, accounted for the experimental results in the 
framework of the dynamical Franz-Keldysh effect and identified infrared induction of 
intraband currents as the main physical mechanism responsible for the observations. 


uring the 1980s, rapid progress in picosecond 

and femtosecond ultrafast lasers started to 

bridge the gap between electronics and 

optics (1). The resulting synergy has since 

given rise to a wealth of new technologies 
and scientific insights, such as the optical gen- 
eration of terahertz frequencies for the investiga- 
tion of ever faster physical processes and device 
performance (2, 3). The more recent progress in 
ultrafast laser sources, which now produce few- 
cycle femtosecond (4) and attosecond (5, 6) pulses 
with full electric field control (7), extends these 
ideas into the petahertz frequency regime. Indeed, 
using measurement concepts similar to those 
developed for terahertz electric fields and femto- 
second time resolution, we now can explore the 
speed limits of electronics at optical frequencies 
with methods such as attosecond transient absorp- 
tion spectroscopy (ATAS) (8-10), which has recently 
been extended to solid-state materials (77-13). This 
has opened the possibilities of studying electron 
motion under the influence of a high-frequency 
electric field and of investigating the feasibility of 
petahertz electronic devices (14, 15). 

Here, we used ATAS to explore a regime where 
the electrons in a dielectric material are exposed 
to a relatively strong high-frequency optical field. 
In this case, the quiver energy (or ponderomotive 
energy U,) of the electrons in the oscillating elec- 
trical field becomes comparable to the photon 
energy of the driving laser. The system transitions 
from a more quantum-mechanical (photon-driven) 
to a more classical (field-driven) regime (16). Al- 
though both limiting regimes have been exten- 
sively studied, the many phenomena occurring 
in the intermediate regime are still not well under- 
stood. In this intermediate regime, the material is 
described by coupled light-matter states, and effects 
such as band dressing (17), the dynamical Franz- 
Keldysh effect (78), and Wannier-Stark localization 
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(19) coexist. Therefore, the total material response 
exhibits a complex behavior that often cannot be 
easily framed within only one of these effects. As a 
consequence, in this regime the role of intra- and 
interband transitions in determining the dynamical 
response of dielectrics also remains unclear (20, 27). 

A fundamental process related to the intraband 
motion of charges is the Franz-Keldysh effect. In 
a simple physical picture, a static external field 
applied to a dielectric bends the crystal potential 
and accelerates the electron-hole pair. Its wave 
function becomes an Airy function with an expo- 
nential tail that extends into the energy gap. As a 
result, photon-assisted tunneling through a dis- 
tance that depends on the field strength can 
happen also for photon energies below the gap 
(22). When the static field is replaced by a time- 
dependent one, the response of the system is 
described by the dynamical Franz-Keldysh effect 
(DFKE) (23). In addition to the absorption within 
the band gap, one observes also an induced trans- 
parency above the band gap and the appearance 
of optical side bands (78). In contrast to resonant 
processes, the DFKE is an ultrafast nonresonant 
process in which no real carriers are created. It is 
therefore expected to be fast (24). To date, the 
DFKE has been observed only around the energy 
gap of dielectrics (25) and in the terahertz regime 
(i.e., picosecond time scales) where recent time- 
resolved studies have shown a nontrivial phase 
evolution (23). The observation of the DFKE at 
higher frequencies (i.e., femtosecond time scales) 
requires higher pump field strengths. At these 
field intensities, other effects such as multiphoton 
ionization will dominate the optical response of 
dielectrics around the band gap. The DFKE is 
expected to remain observable, but deeper in the 
conduction band (CB) at higher probing energies. 

We used attosecond pulses with duration of 
~250 as, centered at ~42 eV, to study field effects 
such as the DFKE in the high-energy part of the 
CB of polycrystalline diamond when exposed to 
a few-femtosecond intense infrared (IR) laser 
field (IR intensity in vacuum Jz ~ 1 x 10° W/cm”). 
The transient absorption coefficient exhibits sub- 
femtosecond dynamics with a complex energy- 


dependent phase relation. Ab initio calculations 
performed by coupling time-dependent density 
functional theory (TDDFT) in real time with 
Maxwell’s equations reproduce the experimental 
results. We used an orbital decomposition approach 
to disentangle the complexity of the numerical 
model and address independently the contribution 
of each electronic subband. With this approach, we 
can demonstrate that predominantly one valence 
band (VB) to CB transition determines the quali- 
tative behavior of the optical response of diamond 
in the energy range under examination. 

Figure 1A shows a schematic of the experimen- 
tal setup (26, 27). Extreme ultraviolet (XUV) 
single attosecond pulses and 5-fs phase-locked IR 
pulses (center energy fimo ~ 1.58 eV) are focused 
on a double target composed of a gas jet and a 
solid sample. Both pulses are linearly polarized 
along the same axis. The few-cycle IR pulse acts 
as a pump, inducing dynamics that are then 
probed by the XUV pulse. The temporal proper- 
ties of the pump and probe pulses are recorded 
simultaneously with the diamond transient absorp- 
tion scan by acquiring a streaking trace from 
Ne atoms in a scheme similar to the one reported 
in (11) (Fig. 1B). In this way it is possible to un- 
ambiguously calibrate the pump-probe delay axis 
with respect to the pump electric field. The spectrum 
of the single attosecond pulses (SAPs) (Fig. 1C, 
black) spans from 30 to 55 eV and overlaps with 
the static absorbance for a 50-nm-thick poly- 
crystalline diamond sample (Fig. 1C, blue). The 
smooth behavior of the absorbance reflects the 
absence of sharp resonant transitions in this 
spectral range. The XUV pulse can only excite 
electrons from the VB to the high part of the CB 
by single-photon absorption (Fig. 1, D and E). 
At our experimental intensities, the IR field is 
also expected to inject electrons into the CB by 
multiphoton ionization as suggested by a Keldysh 
parameter, yx ~ 3 (27, 28). However, the IR pulse 
can efficiently inject electrons only from the top 
of the VB to the bottom of the CB. Therefore, even 
if the IR pulse populates the CB almost 1000 times 
as efficiently as the attosecond pulse, the contri- 
bution coming from direct charge injection by the 
IR pump pulse in the spectral region of the CB 
probed by the XUV pulse is negligible. 

We investigated the dynamical optical re- 
sponse of the VB and CB of diamond by looking 
at the IR-induced absorbance, AAbs(Epn, 1), defined 
as the logarithm of the ratio of the transmitted 
XUV spectral intensities without and with the IR 
pump (27). Here, E,, represents the XUV photon 
energy and t the pump-probe delay. The experiment- 
al results for an IR intensity (in vacuum) of 
~6.5 x 10 W/cm” are shown in Fig. 2A. For small 
values of the delay t, we observe the appearance 
of transient features that oscillate with 2m, over 
almost all the bandwidth of the SAP. The main 
feature lies at an excitation energy of ~43 eV and 
corresponds to an absorption increment. Figure 
2C shows the IR electric field E;p(¢) extracted 
from a simultaneous streaking measurement to- 
gether with the IR-induced absorbance averaged 
over three energy bands 2 eV wide and centered 
at 39, 43, and 48 eV. As can be observed, both the 
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Fig. 1. Pulse and sample characterization. (A) Schematic of the experimen- 
tal setup with the double-target for simultaneous detection of photons and 
electrons. (B) Example of a typical streaking trace used to characterize the 
single attosecond pulses (SAPs) and calibrate the pump-probe delay axis in a 
transient absorption measurement. (C) Spectrum of the SAP without (black line) 
and with (red line) transmission through a 50-nm polycrystalline diamond 
sample. The static absorbance measured with a broad harmonic spectrum (27) 
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assuming a Poisson distribution for the number of collected photons. (D) Density 
of states (DOS) of diamond calculated with density functional theory. The black 
and gray curves are the valence band (VB) and conduction band (CB), re- 
spectively. The zero of the energy axis coincides with top of the VB. (E) Num- 
ber of electron-hole particles created by the XUV probe and the IR pump in 
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IR electric field Eja(t) extracted from a streaking measurement acquired simultaneously with the trace in (A). Lower panels, from bottom to top: Average AAbs for 
three energy bands with a width of ~2 eV and centered at 39, 43.1, and 48 eV. In all panels, the markers represent the experimental data. The continuous lines are 
obtained by fitting the data with an oscillating function f(t) (27). Calculation parameters: IR intensity in vacuum lip = 5 x 10’ W/cm”, IR center energy hao = 1.55 eV, 


diamond thickness L = 50 nm. 
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Fig. 3. Simulation results. (A and B) Diamond band structure and DOS, respectively. The main subbands 
dominating the diamond optical response are labeled with numbers and highlighted by a thicker colored line 
in (A); the same color code is used to mark the DOS of each subband in (B). (©) Cartoon of the two main 
physical mechanisms induced by the IR pump: (1) intraband motion, (2) interband coupling. (D to G) The 
2D color plots show the calculated IR-induced changes in the imaginary part of the dielectric function e(). 
The first row reports the results for the case of (D) full orbital expansion over the chosen 24 Houston states, 
(E) transitions between the bands highlighted in (A), (F) transition from b; to by, and (G) the two-band 
model. In all panels, the IR intensity inside the diamond is fixed to 3 x 10 W/cm? (27). (H and I) The same 
results as (F), keeping the same adiabaticity parameter yz (32), but for a different IR center energy hap = 1 and 


2 eV, respectively. (J and K) Same as (H) and (I) but obtained with the two-band model of (G). 


position of the maximum of the interaction and 
the phase of the oscillations increase with in- 
creasing energy distance from the main feature 
at 43 eV. Therefore, the energy dispersion of the 
oscillating features assumes a V-shape with vertex 
at 43 eV, which does not follow the pump field 
adiabatically. The phase delay, extracted from eight 
independent measurements, between the square 
of the IR electric field Ejp(¢) and the main fea- 
ture at 43 eV was found to be -235 + 53 as. 

We simulated the pump-probe experiment using 
TDDFT in real time (29, 30). The results obtained 
for a single-crystal cell show that the IR pulse can 
indeed induce 2@, oscillations in the imaginary 
part of the transient dielectric function e(m) and 
consequently in the absorbance of the material 
(27). Moreover, whereas the amplitude of the os- 
cillations depends on the crystal orientation with 
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respect to the light polarization axis, the phase does 
not change (fig. S8). This phenomenon explains 
why it is possible to experimentally observe the 
transient features in a polycrystalline sample. By 
coupling TDDFT with Maxwell's equations, it is 
possible to investigate the optical response of the 
target (27). The numerical results (Fig. 2B) show 
very good agreement with the experimental results. 
Both the oscillatory features and the V-shaped 
energy dispersion are reproduced. All the features 
in the calculations appear shifted down by almost 
1.75 eV in photon energy (the main absorption 
feature lying at ~41 eV instead of 43 eV) because 
TDDFT fails to reproduce the energy gaps be- 
tween the subbands in the CB with high accuracy. 
To gain further insight into the physical mech- 
anisms involved, we performed an orbital decom- 
position of the probe Hamiltonian into 24 Houston 


states (31), which, when the external IR field 
vanishes, correspond to the Bloch states depicted 
in the energy/momentum space of Fig. 3A (27). 
Figure 3, D and E, shows the pump-induced 
change in the dielectric function, Ae(@, t), under 
the same conditions as Fig. 2B except for a single 
unit cell of diamond (27). The main positive os- 
cillating feature at ~41 eV and the V-shaped 
energy dispersion of the oscillations are still re- 
produced even when a smaller set of dressed sub- 
bands is taken into account, such as two subbands 
in the VB (b,, by) and four in the CB (from by to 
by). This result is in agreement with the de- 
composition of the static dielectric function ¢(@) 
(fig. S9). Furthermore, the main qualitative 
behavior of Ae(w, t) can be reproduced by the 
single transition between the bottom of the VB, b,, 
and the seventh band in the CB, by (Fig. 3F). 
Given the definition of the Houston states used 
in the decomposition, this result suggests that 
IR-induced intraband motion, rather than inter- 
band transitions (Fig. 3C), is the main physical 
mechanism dominating the diamond response. 
To further validate our finding, we calculated 
Ae(@, tT) using a parabolic two-band model 
employed in the DFKE (32). It is derived by 
parabolic fitting of the energy distance between 
b, and by, in the crystallographic direction WL. 
The results (Fig. 3G) reproduce the main quali- 
tative behavior of the TDDFT calculations in 
Fig. 3F. The main differences between the two 
models may come from the fact that the two-band 
model takes into account neither the anisotropy 
of diamond nor the anharmonic dispersion of its 
actual electronic bands. The complex dispersion 
of bands b, and b,; indeed suggests that more 
than a single parabolic fit might be needed to 
better describe the case of polycrystalline diamond 
with random orientation (fig. S12). 

Finally, we investigated the dependence of 
Ae(@, t) on the IR frequency. The results are 
plotted in Fig. 3, H to K, for Amp = 1 and 2 eV. 
The TDDFT calculations show a clear depen- 
dence of the tilt of the oscillating structures as a 
function of wo (compare green dashed and violet 
dash-dotted lines in Fig. 3, H and I). This be- 
havior is well reproduced by the two-band model, 
thus confirming the dominant role of the DFKE 
or, in other words, intraband transitions. 

Our results demonstrate that attosecond tran- 
sient absorption spectroscopy can be used to di- 
rectly investigate the ultrafast electron dynamics 
in the valence and conduction bands of dielectrics 
in the intermediate regime of strong optical fields. 
For the particular case of diamond, the observed 
dynamics unfold on an attosecond time scale and 
fully recover after the interaction. A comparison 
with ab initio calculations and a parabolic two-band 
model allowed us to demonstrate the dominant 
role of intra- over intersubband transitions, thus 
moving another step toward a full understanding 
of optical manipulation of carriers in dielectrics in 
the petahertz regime. The field strength necessary 
to observe DFKE in the femtosecond regime is 
sufficient to inject a substantial number of elec- 
trons into the bottom of the CB via multiphoton 
excitation. Therefore, direct probing of the DFKE 
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around at the bottom of the CB with mid-IR or 
terahertz driving fields is impossible (23, 24). 
Our results, however, prove that it is possible to 
observe the DFKE driven by femtosecond IR 
pulses at energies high above the band gap. We 
have also shown that the fine structure in the 
transient response of diamond deviates from the 
simplified parabolic model and thus encodes infor- 
mation about the particular band dispersion of 
the target. 
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GEOPHYSICS 


Teleseismic S wave microseisms 


Kiwamu Nishida™ and Ryota Takagi” 


Although observations of microseisms excited by ocean swells were firmly established in the 
1940s, the source locations remain difficult to track. Delineation of the source locations and 
energy partition of the seismic wave components are key to understanding the excitation 
mechanisms. Using a seismic array in Japan, we observed both P and S wave microseisms 
excited by a severe distant storm in the Atlantic Ocean. Although nonlinear forcing of an ocean 
swell with a one-dimensional Earth model can explain P waves and vertically polarized S waves 
(SV waves), it cannot explain horizontally polarized S waves (SH waves). The precise source 
locations may provide a new catalog for exploring Earth’s interior. 


icroseisms are ambient seismic wave- 
fields (D that occur in the 0.05- to 0.5-Hz 
frequency range. Although they had been 
recognized as ambient noise for seismic 
observation, a new technique known as 
seismic interferometry turned them into signals 
for exploring Earth’s interior (2). They can be 
categorized into two groups according to the 
typical frequencies. The first group is classified 
as primary microseisms ranging from 0.05 to 
0.1 Hz, which corresponds to the typical frequency 
of ocean swells. The second is classified as sec- 
ondary microseisms ranging from 0.1 to 0.5 Hz, 
which doubles the frequency of an ocean swell, 
indicating that the secondary microseisms are 
generated through nonlinear wave-wave inter- 
actions (3, 4). They excite surface waves dominantly. 
P wave microseisms from distant storms have 
been studied (5, 6) by means of array analysis of 
dense seismic data. Source locations of the P 
wave provided a better spatial localization of the 
excitation source than that of surface waves. The 
estimated source distribution was consistent with 
a theoretical estimation that uses wave action 
models. Most studies, however, have focused only 
on P waves recorded as vertical components be- 
cause of the larger amplitudes. Although S wave 
amplitudes are estimated to be one order of mag- 
nitude smaller than P wave amplitudes (7, 8), 
the precise locations of P and S waves can help 
in understanding the excitation mechanism. 
The energy partition between Love and Rayleigh 
waves is another key parameter for understanding 
the force system of excitation sources. The force 
system can be characterized by the surface pressure 
source and/or shear traction on the seafloor (9). 
The observed dominance of Love waves in primary 
microseisms suggests that they are generated by 
pressure loadings of an ocean swell acting on a 
sloping coast (10). However, the scattering of sur- 
face waves during propagation distorts the energy 
ratio at the source area. Because the teleseismic 
body waves are less scattered, the energy partition 
between P and S waves is more appropriate for 
understanding the source mechanism. However, 
the smaller body-wave amplitudes at a distance 
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tend to be masked by the surface waves owing 
to local ocean swell activities (8, 17, 12). 

For the detection of both P and S wave micro- 
seisms, we conducted an array analysis using 202 
Hi-net stations operated by the National Research 
Institute for Earth Science and Disaster Pre- 
vention (NIED) in Chugoku district, where the 
crustal heterogeneity is weak in Japan (Fig. 1A). 
NIED deployed three-component velocity meters 
with a natural frequency of 1 Hz at the bottom of 
a borehole of each station. We deconvolved the 
instrumental response using the inverse filtering 
technique (73) after the reduction of common 
logger noise (14) so as to use low-frequency com- 
ponents below 1 Hz. We analyzed data of a rapidly 
deepening cyclonic low-pressure area known as 
a “weather bomb” (15), with a central pressure of 
~940 hPa that developed in the Atlantic between 
Iceland and Greenland on 9-11 December 2014 
(16). The system was a typical explosive cyclo- 
genesis, with a reduction of 24 hPa in 24 hours on 
9 December. We divided the records into 1024-s 
segments. After the exclusion of noisy data, we cal- 
culated two-dimensional (2D) frequency-slowness 
spectra (9) in the 0.1- to 0.2-Hz frequency window 
(Fig. 1B), assuming that signals at a station can 
be represented by a superposition of plane waves. 
The spectrum at a certain slowness vector repre- 
sents the sum of all the records, with the predicted 
time delays. The spectra have local maxima in the 
slowness domain, where signals recorded at all 
the stations are in phase. 

The spectra of the vertical and radial compo- 
nents displayed a clear teleseismic P wave. The 
slowness of ~0.05 s/km and the back azimuth of 
-5° were consistent with that of a P wave traveled 
from the Atlantic Ocean. The dominant P wave 
can be explained by the nonlinear forcing by 
ocean swell (7) according to Longuet-Higgins’s 
theory (3), which can be equivalently represented 
by a vertical single force on the sea surface. 

The spectrum of the radial component showed 
not only a P wave but also a rarely seen SV wave (8), 
with mean square (MS) amplitude of ~8% of the P 
wave amplitude. The observed slowness of the SV 
wave suggests that the source could be located in 
the same area of the P wave microseisms in the 
Atlantic Ocean. The simplest mechanism of the ob- 
served S wave excitation is the P-to-SV conversion 
on the sea bottom during multiple reflections within 
the ocean (7). Although the theoretical MS ampli- 
tude (7) of an SV wave is two orders smaller than 


26 AUGUST 2016 + VOL 353 ISSUE 6302 919 


Downloaded from http://science.sciencemag.org/ on September 3, 2016 


RESEARCH | REPORTS 


Fig. 1. Rough source location estimated by back- 
projection of the observed body-wave micro- 
seisms. (A) Station distribution and location of the 
weather bomb. Red points in Japan indicate the station 
locations used in the slowness-frequency analysis. 
Black and red dots indicate all the Hi-net station loca- 
tions. The red dashed line represents 0.5 of the array 
response function for a point source at (—32.5, 63), 
indicated with the red star. The trapezoid region in- 
dicates the area shown in Fig. 2A. The location of the 
earthquake is indicated by the yellow star. (B) Frequency- 
slowness spectra of radial, transverse, and vertical 
components at 0.15 Hz. This figure shows the P wave 
traveling from the north direction with back azimuth 
of ~—7° The slowness is ~0.048 s/km, which deter- 
mined the distance between the source and the re- 
ceivers as shown in (A). 


Fig. 2. Migration of precise centroid locations 
of P, SV, and SH waves. (A) Locations of the 
centroids with errors <1.5° in latitude and longitude. 
The error was estimated with the bootstrap method 
(23). Orange dots indicate the centroids of the P 
wave microseisms. Purple triangles indicate the SV 
waves. Blue stars indicate the SH wave. The back- 
ground image shows the site effect of the ocean 
layer, whereas the contours show the resonant fre- 
quency of the sediment. The resonant frequency 
was estimated by means of a four-way travel time 
of multiple reflection of sediment-derived S waves 
in the vertical direction. (i) through (v) represent time 
labels every 12 hours, as shown in (B). (B) Latitude 
of centroids of P, SH, and SV waves with respect to 
time. (C) Longitude of the centroids with respect to 
time. This figure shows that source locations of SH 
wave at O hours on 10 December were west of the 
others. (D) Temporal variations of RMS amplitudes 
of the single force. The black line shows a synthetic 
vertical single force (20). 
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Fig. 3. Stacked power spectra of P, 
SV, and SH waves. Orange dashed line, 
P wave; purple dash-dotted line, SV 
wave; blue line, SH wave. They are 
power spectra of the seismograms of 
vertical (P wave), radial (SV wave), and 
transverse components (SH wave), with 
shift in time according to the 
corresponding travel times for the 
located centroids from 9 to 11 December 
2014. The power spectral densities of 
the SV waves were 8% of the P wave. 
The SH waves consisted of one third of 
those for the SV waves. The peak 
frequencies of P SV, and SH waves were 
~0.13 Hz. 


Power spectral densities (P wave) x10" [m?s"'] 


that of a P wave, the amplitude depends strongly 
on the incident angle. Within the possible range on 
the basis of different 1D seismic velocity models, 
our observation is consistent with the prediction. 
Surprisingly, the spectrum of the transverse 
component also showed an SH wave microseism. 
A pressure source in the ocean cannot excite the 
SH waves in a spherically stratified Earth. There- 
fore, the shear traction acting on the sea-bottom 
horizon is required. This observation suggests that 
the steep topography beneath the source and thick 
sediments may affect the excitation. The smaller 
recorded amplitude of ~3% of the P wave MS 
amplitude suggests that this effect is secondary. 
We inferred the centroid locations of P wave 
microseisms with a method that is similar to the 
GRiD MT (grid-based real-time determination of 
moment tensors) technique (17). We modeled the 
localized excitation source by approximating the 
source using a vertical single force at a surface 
point. We characterized the source by the centroid 
location and the root mean square (RMS) ampli- 
tude of the single force. We justify the point source 
approximation as the localized source area was on 
the order of 10° km”, which we estimated by using 
the wave model WAVEWATCH III (fig. S1) (18, 19) 
and which is smaller than the array response 
function (Fig. 1A). At an assumed grid point, 
we estimated RMS of the vertical single force 
by modeling the seismic wave fields using a ray- 
theory P wave Green’s function (20) for a 1D Earth 
model (27). The variance reductions between the 
modeled wave field and the observations were 
calculated at assumed grid points every 0.1° by 
0.1° in longitude and latitude. The maximum was 
selected as the centroid location for the vertical 
single force. We subtracted the station correc- 
tion terms using a multichannel cross-correlation 
method (22) with an earthquake that occurred 
close to Iceland on 30 August 2012 (Fig. 1A) be- 
cause 3D seismic structure biases the locations 
of the centroids. Without the station corrections, 
the centroid of the earthquake located by this 
method deviated ~300 km away from the original 
location. Orange dots in Fig. 2A represent the 
locations of the centroids inferred from the ver- 
tical components at 775 stations. RMSs of the 
centroid single force were on the order of 10" N 
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(Fig. 2D). They were consistent with the theo- 
retical estimation of the wave model (fig. S2) and 
a previous study (12). The inferred centroid loca- 
tions were consistent with a theoretical model 
(fig. SL). The centroids migrated along an area 
that contains a strong site effect (7) of the ocean 
layer. This can be described as the constructive 
interference of multiply reflected P waves in the 
ocean that are converted to P and SV waves at 
the sea bottom (7). The site effect becomes larger 
where the resonance frequency of the oceanic 
layer matches the P wave frequency. From time 
period (i) to (ii) shown in Fig. 2A, the centroids 
migrated along the strong site effect area. From 
(ii) to (iv), they were not in the area. From (iv) to 
(v), they migrated along the area again. We can 
explain this observation from (ii) to (iv) by the 
larger source area (fig. S1), including both the 
part from (i) to (ii) and that from (iv) to (v) in 
Fig. 2A with the strong site effects. This method 
determined the centroids of the distributed sources 
with weighting by the site effects. 

We located centroids of the SH and SV waves 
by back-projecting the seismograms in the hor- 
izontal components with the station corrections 
(24). We did not estimate the equivalent single 
force because modeling is not practical, owing to 
the near source amplification from multiple re- 
flections in the ocean and sedimentary layers. 
The centroid locations of the SH and SV waves 
are shown with a resonant frequency of the sedi- 
ment (Fig. 2A) (20) that corresponds to the funda- 
mental mode in a closed pipe system, based on 
CRUST1.0 (25). Our centroid locations of the SV 
waves were close to the P wave centroids. However, 
our centroid locations of the SH waves were to 
the west [in particular at around (iii), as shown 
in Fig. 2C], where the sediments have lower 
resonant frequencies closer to the SH wave fre- 
quency, as we observed (Fig. 2B). Our observa- 
tion suggests SH waves trapped in the sedimentary 
layer. Moreover, the peak frequency of the SH 
wave at 0.13 Hz was similar to those of the P and 
SV waves (Fig. 3). We suggested the transfer of a 
large part of the SV wave energy into the sedi- 
ments from the P wave to explain the frequency 
overlap, in which the sedimentary resonant fre- 
quency matched the dominant frequency of the P 


wave microseisms. During multiple reflections of 
the SV wave in the sediment, the polarization in- 
formation was lost, and part of the SV wave en- 
ergy was converted to the SH wave over time (20). 

Body-wave microseisms provide information 
about Earth’s deep interior beneath the stations via 
seismic interferometry (26), which extracts seismic- 
wave propagation between station pairs. We have 
characterized the excitation source by a centroid 
vertical single force (3, 4, 7). Hence, the seismic 
structure beneath a storm can be explored by 
using body-wave microseisms. Because the esti- 
mated vertical single force is consistent with a 
former study (72), we can expect similar potential 
events with amplitude on the order of 10" N. A 
collection of precise locations of the centroid 
single force may provide a catalog for exploring 
Earth’s interior. Such a catalog may open a different 
perspective from which to explore Earth’s deep 
interior beneath a storm in the absence of seismic 
stations and earthquakes. 
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TIME SERIES ANALYSIS 


Information leverage in interconnected 
ecosystems: Overcoming the curse 


of dimensionality 


Hao Ye and George Sugihara* 


In ecological analysis, complexity has been regarded as an obstacle to overcome. Here we 
present a straightforward approach for addressing complexity in dynamic interconnected 
systems. We show that complexity, in the form of multiple interacting components, can 
actually be an asset for studying natural systems from temporal data. The central idea is 
that multidimensional time series enable system dynamics to be reconstructed from 
multiple viewpoints, and these viewpoints can be combined into a single model. We show 
how our approach, multiview embedding (MVE), can improve forecasts for simulated 
ecosystems and a mesocosm experiment. By leveraging complexity, MVE is particularly 
effective for overcoming the limitations of short and noisy time series and should be highly 


relevant for many areas of science. 


omplex interconnected systems pose a major 

challenge to scientific study in a variety of 

fields, including ecology, finance, neuro- 

science, and medicine (J-4). Although widely 

used, the common approach of reducing 
these systems to linearly independent compo- 
nents overlooks important interactions for the 
sake of computational tractability. Thus, many 
statistical frameworks (e.g., principal compo- 
nents analysis, generalized linear models, multi- 
variate autoregressive models) assume that causal 
factors do not interact with each other and have 
independent or additive effects on a response 
variable. This simplification can lead to prob- 
lems in identifying associations (5, 6) or pre- 
dicting out-of-sample behavior (7). Conversely, 
complex equation-based models that explicitly 
account for each interaction [e.g., end-to-end 
ecosystem models (8)] have great intuitive ap- 
peal but often have too many parameters to be 
precisely determined given the available data [the 
“curse of dimensionality” (9)], even assuming that 
the model structure is generally correct. These 
issues are particularly acute in biological fields 
where the relevant units (e.g., species or other 
variables) may not behave according to funda- 
mental equations (J0) and where data sets are 
often cross-sectionally wide (e.g., census many 
interacting species) but short in the time dimen- 
sion (ZI, 12). 

One solution to the problem of uncertain 
model structure and unknown model equations 
is the framework of empirical dynamic modeling 
(EDM) (13-15), which uses attractor manifolds 
reconstructed from time series data to enable the 
study of systems [see brief introductory anima- 
tion http://tinyurl.com/EDM-intro (5)]. If system 
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behavior is governed by deterministic rules, then 
attractor manifolds exist and can be built from 
lags of a single variable (16) or multivariately from 
combinations of variables (15, 17, 18). However, 
because these manifolds are empirical, data limi- 
tations can be problematic, especially when time 
series are short and noisy. For example, with 
short time series, reconstructed attractors may be 
sparsely populated, which impedes accurate in- 
ference of dynamics from nearest neighbors. 
Furthermore, observational error will result in 
reduced precision; even when time series are long 
enough to densely populate the attractor, the 
nearest neighbors may not form a smooth map. 

Here we introduce multiview embedding (MVE) 
as a general approach that exploits complexity 
to amplify information and address these issues. 
The basic idea is straightforward. In intercon- 
nected systems with multiple time series obser- 
vations, many different variable combinations 
are possible (16-18) (Fig. 1A). Each reconstruc- 
tion created from a particular combination of 
variables can be thought of as a caricature (view) 
of the system that contains distinctive informa- 
tion when constrained by finite and noisy data 
(19). For example, Fig. 1B show predictions for a 
three-species food-chain simulation (20) using 
models built on the same 25-point time interval. 
Here, predictions are produced from univariate 
models (views using lags of single variables 2, y, 
or zg), and each model view exhibits distinct 
errors. Even with valid embedding coordinates, 
25 points may be too few to fully resolve the 
system behavior—that is, the manifold may be 
too sparse, especially with observation error. How- 
ever, because each view is better at resolving 
different portions of the system, a more complete 
model should be possible through combination. 

A simple and straightforward implementation 
to combine multiple views is as follows: In con- 
trast to conventional simplex projection (13), 
where a forecast is based on the weighted aver- 
age of the nearest neighbors in a single view 


(Fig. 2A), we examine the top # reconstructions, 
and use the single nearest neighbor from each 
(Fig. 2B). The MVE forecast (e.g., for variable y) 
is then defined as a simple average 


k 
1 
A 
Yi = oe Ynni(t) +1 
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where nn'(t) is the time index of the nearest 
neighbor in the ith attractor. In essence, this 
approach is intended to mitigate prediction er- 
rors that occur when nearest neighbors are mis- 
identified or inaccurately weighted based on 
distance (e.g., due to finite, noisy data). Instead, 
each of the & neighbors comes from a different 
view of the system; thus, each corresponding 
prediction [Ypni(¢)1] is effectively weighted by 
how frequently it appears as a nearest neighbor 
among the top & reconstructions. This is a more 
robust indication of its true similarity to the 
target point. This simple implementation of MVE 
produces forecasts that are substantially better 
at covering the full range of system behavior 
than the individual univariate models (Fig. 1, B 
and C). 

The information leverage of MVE follows from 
two results on dynamic systems arising from 
Takens’ theorem (J6): Causal effects are recorded 
in the time series of affected variables (5), and 
each combination of variables and lags is a valid 
embedding (17, 18). These two properties mean 
that the interconnectedness of complex systems 
is actually a boon: Whenever variable x has an 
influence on some other variable y, information 
about x is recorded in y and can be recovered. 
Because each embedding filters this information 
in a different way, combining multiple models 
can be highly advantageous (Fig. 1C)—an advan- 
tage that increases as the system becomes more 
complex. In fact, the number of possible recon- 
structions grows combinatorially with the number 
of variables. Given / lags for each of 7 variables, 
the number of £-dimensional variable combi- 


nations is 
_ [nl n(l-1) 
m= (e)-(%") 


For a simple system with 10 variables (and up 
to three lags each), the number of distinct three- 
dimensional combinations is nearly 3000. Although 
all variable combinations are valid embeddings, 
with limited data they will not resolve the system 
equally well. Therefore, we use only the top k 
reconstructions, as ranked by in-sample forecast 
accuracy (p, correlation between observations and 
predictions), and apply the heuristic of k = ,/m 
(21-23). 

To quantify performance, we compare the out- 
of-sample forecast skill of this multimodel approach 
with standard nonlinear methods: a univariate 
model using only lags of the variable being fore- 
cast and a multivariate model defined by the var- 
iable combination with the highest in-sample p. 
Figure 3 shows this comparison for three simple 
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ecosystem simulations with 10% observational 
error [methodological details in (24)]: a three- 
species coupled logistic, a three-species food chain 
(20), and a three-stage flour beetle model (25). In 
nearly all conditions, MVE produces better fore- 
casts (higher p) compared with the univariate 
and multivariate methods. Results were broadly 
similar when repeated with a more complex 12- 


species resource competition system (26) (figs. S1 
and S2). 

As a final test, we repeated the analysis using 
time series data from an 8-year mesocosm experi- 
ment of a plankton community isolated from the 
Baltic Sea (27, 28). This experimental field system 
exhibits coupled oscillations between predator 
and prey species, providing a natural experiment 
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Fig. 1. Schematic for multiview embedding using the three-species food-chain model. (A) By 
combining multiple time series observations of the system, different attractor reconstructions (i.e., views 
of the system dynamics) are created. Here, the univariate reconstructions using lags of x (red), y (green), 
or z (blue) are depicted. (B) Forecasts based on univariate views of the system (from the same 25 time 
points of data) give incomplete coverage of the system attractor (gray lines) (20). Note that the 1000 pre- 
dictions (solid points) from each univariate model occupy distinct subsets. (©) Combining information from 
multiple reconstructions [Spanning the same 25 time points in (B)], the MVE model gives a clearer depic- 
tion of the actual dynamics, resulting in predictions that span more of the original system attractor. 
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for testing MVE. Here, we focus on a subsystem of 
two predators (rotifers and calanoid copepods) 
that consume two prey (picocyanobacteria and 
nanoflagellates) (Fig. 4A). A causality test (5) 
verifies that both prey affect both predators 
(Fig. 4B), indicating that prey abundances are 
informative for predicting predator abundances. 
Just as with the model systems, the multiview 
approach outperforms the other methods (Fig. 
4C). In all cases, other metrics produce qualita- 
tively identical results (figs. S3 to S6). 

An important concern with any modeling 
framework is how well it accommodates obser- 
vational error. For EDM, noise in the data means 
that reconstructed states of the system are un- 
certain, affecting all calculations, including the 
computed distances between states, identifica- 
tion of nearest neighbors, and the final forecast. 
Depending on the system dynamics and the 
particular variable combination used for the re- 
constructed attractor, observational noise can 
cause large forecast errors (19). Our results indi- 
cate that as more observational noise is added, 
forecast skill for all three methods decreases (figs. 
S7 to S12). However, the use of multiple views in 
MVE can reduce the effects of noise. Thus, with 
particularly noisy data, the information advan- 
tage of combining multiple views can be more 
important than selecting a single best model 
(including the “true” multivariate model com- 
posed of the original state variables). This ap- 
proach to noise reduction builds upon historical 
approaches in nonlinear state space reconstruc- 
tion (19, 29) and operates in a way that is fun- 
damentally different from classical frameworks 
that seek to filter noise by using assumptions 
about the underlying dynamics and noise struc- 
ture [e.g., Kalman filters (30)]. 

With longer time series, the single-view multi- 
variate method (using native coordinates) should 
perform about as well as MVE. With sufficiently 
long time series, the performance of the two 
methods is nearly indistinguishable in the ab- 
sence of observational error (figs. S13 and S14). 
However, even with small amounts of noise (i.e., 
10% added variance), the multivariate approach 
produces less skillful forecasts than MVE (Fig. 3), 
suggesting that noise, rather than data length, 
is the limiting factor. Thus, given the practical 
constraints of collecting longer time series (true 
for many natural systems and particularly true 
for ecosystem studies constrained by short funding 
horizons), these results show how it can be highly 
beneficial to combine disparate data sets to lever- 
age signal in synchronous observations. 

Nevertheless, it is important that time series 
be long enough to sufficiently sample the system 
dynamics. The procedure of selecting the best 
views can be sensitive to short data segments 
that are nonrepresentative. For example, the best 
representation of the system behavior can change 
over time as dynamics pass through different 
regimes, such as in our 12-species resource com- 
petition model where different groups of species 
are active at different times (26). As a result, with 
very short temporal data, the multivariate and 
MVE methods (which rely on in-sample forecast 
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Fig. 2. Nearest-neighbor selection on attractor manifolds. (A) In the native system view, the nearest 
neighbors (solid orange points) to the target point (black) are used to predict the future trajectory. 
(B) MVE selects the single nearest neighbor in each of the different views to produce a more robust 
model. Here, the nearest neighbors (red, green, and blue) to the target point (black) from the three 
univariate views (based on lags of x, y, or z, respectively) are used to forecast the future behavior of 
the target. 
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Fig. 3. Comparison of forecast skill for univariate, multivariate, and MVE methods on simulated 
data with 10% observational error. (A to C) Forecast skill (p, correlation between observations and 
predictions) versus library size for variables x, y, and z in the three-species coupled logistic. Solid lines 
indicate average values over 100 randomly sampled libraries; dashed lines denote upper and lower 
quartiles. (D to F) Same as (A) to (C) but for the three-species food-chain model (20). (G to I) Same as 
(A) to (C) but for the flour beetle model (25). 
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skill to select the best views) may show biases 
[e.g., for Ny, with 25 data points (figs. S1 and S2)]. 
Even in simple systems, 25 time points may not 
provide full coverage of the system (gray areas 
in Fig. 1C), so it is to be expected that longer 
time series may be needed if the dynamics are 
more complex and pass through different regimes. 

The example implementation of MVE given 
here is based on simple model averaging. Where- 
as this approach has the advantage of transpar- 
ency and parsimony (involving few parameters), 
more sophisticated implementations should great- 
ly enhance forecast skill. For example, rather than 
using the k = \/m heuristic (21), the optimal 
number of reconstructions can be tuned. In some 
cases, forecast skill may be maximized for small 
k, but in other cases, accuracy continues to increase 
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Fig. 4. Analysis of the long-term mesocosm 
experiment. (A) The subsystem examined in this 
work (27, 28). (B) Cross mapping between grazers 
(calanoid copepods and rotifers) and prey (nano- 
flagellates and picocyanobacteria) indicates a causal 
influence of the prey on the grazers. (©) Forecast 
skill (p) is higher for MVE than for the univariate or 
multivariate methods. 
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until nearly all variable combinations are con- 
sidered (figs. S15 to S20). Moreover, alternative 
criteria for selecting candidate views may be de- 
sirable to address specific objectives. For exam- 
ple, a more robust but less specifically predictive 
model could be constructed by selecting varia- 
ble combinations that are maximally distinct. 
With enough data, it should even be possible to 
identify optimal weightings of the different views 
or have such weightings be state-dependent (e.g., 
to correct for the state-dependent biases of in- 
dividual views). Regardless of details, the imple- 
mentation of MVE demonstrated here is intended 
to be as simple as possible. 

The main innovation of MVE is to leverage 
the interconnectedness (the shared information) 
of complex systems. As seen in Fig. 3, improve- 
ments in forecast skill can be especially evident 
for short time series (~25 time points). This 
result is especially promising given that many 
current ecological data sets are wide in scope, 
with many different variables being tracked, but 
shallow in terms of time series length. Further- 
more, the noise-mitigating aspects of MVE are 
potentially useful for many other applications 
such as reconstructing historical behavior, sig- 
nal processing (31), or nonlinear system control 
(32). Although the high-dimensionality of com- 
plex systems is typically perceived as an obstacle, 
such complexity is actually an advantage, leading 
to better clarity and prediction. 
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SINGLE-CELL GENOMICS 


Div-Seq: Single-nucleus RNA-Seq 
reveals dynamics of rare adult 


newborn neurons 
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Single-cell RNA sequencing (RNA-Seq) provides rich information about cell 

types and states. However, it is difficult to capture rare dynamic processes, such 
as adult neurogenesis, because isolation of rare neurons from adult tissue is 
challenging and markers for each phase are limited. Here, we develop Div-Seq, 
which combines scalable single-nucleus RNA-Seq (sNuc-Seq) with pulse labeling 
of proliferating cells by 5-ethynyl-2'-deoxyuridine (EdU) to profile individual 
dividing cells. sNuc-Seq and Div-Seq can sensitively identify closely related 
hippocampal cell types and track transcriptional dynamics of newborn neurons 
within the adult hippocampal neurogenic niche, respectively. We also apply Div-Seq 
to identify and profile rare newborn neurons in the adult spinal cord, a noncanonical 
neurogenic region. sNuc-Seq and Div-Seq open the way for unbiased analysis of 


diverse complex tissues. 


ingle-cell RNA sequencing (scRNA-Seq) has 
extended our understanding of heteroge- 
neous tissues, including the central nervous 
system (CNS) (7-3). However, dynamic pro- 
cesses, such as adult neurogenesis, remain 
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challenging to study by scRNA-Seq. First, sCRNA- 
Seq requires enzymatic tissue dissociation (Fig. 
1A), which may compromise the integrity of neu- 
rons and their RNA content, skew data toward 
easily dissociated cell types, and is restricted to 
fetal or young animals (1). Second, it is difficult to 
capture rare cell types, such as adult newborn neu- 
rons (4), because of limitations in cell tagging and 
isolation at each phase of the dynamic process. 

We therefore developed Div-Seq, a method 
for RNA-seq of individual, recently divided cells. 
Div-Seq relies on sNuc-Seq, a single-nucleus iso- 
lation and RNA-Seq method compatible with 
frozen or fixed tissue (Fig. 1A), which enables 
enrichment of rare labeled cell populations by 
fluorescence-activated cell sorting (FACS) (fig. 
S1). Div-Seq combines sNuc-Seq with pulse label- 
ing of dividing cells by 5-ethynyl-2'-deoxyuridine 
(EdU) (5, 6). 

We validated that sNuc-Seq on population 
of nuclei faithfully represents tissue-level RNA 
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(7) (fig. S2, A and B), in agreement with earlier 
studies on the feasibility of single-nuclei sequenc- 
ing (7, 8). Next, we analyzed 1367 single nuclei 
from hippocampal anatomical subregions [dorsal 


ganglion (DG), CA1, CA2, and CA3] from adult 
mice, including enrichment of genetically tagged 
low-abundance y-aminobutyric acid-releasing 
(GABAergic) neurons (9) (fig. S1). sNuc-Seq ro- 


bustly generated high-quality data across animal 
age groups (including 2-year-old mice; figs. S2, C 
to H, and S3), detecting 5100 expressed genes per 
nucleus on average, with complexity comparable 
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Fig. 1. sNuc-Seq identifies cell types in adult mouse brain. (A) Represent- 
ative images of isolated nuclei are more uniform than images of disso- 
ciated neurons from adult brain. Scale bars, 10 um. sNuc-Seq method (right): 
Single nuclei are isolated, FACS sorted, and profiled by modified Smart- 
Seq2 protocol (21). (B) Major cell types identified from sNuc-Seq data 
reflected by clusters, shown as two-dimensional (2D) tSNE embedding of 
1188 nuclei from adult mouse hippocampus. Axes: 2D coordinates from 


Pyramidal neurons 


N 
lu 8 2 a 
ra 0 ss, ap 2 
“| RG 
1 e 6 
-25-4 Call 1 inet 
-30biSNE 1 30 
D Penk xx 
10- T 
‘I = 
54 
= 1 | 
E im || 
EO ee 0 Seip pte pe oy gate oe age 
S |e | * ee -P + y 
5+ i L fg t + 
Lt 
* 
10° Oprd1 


GABAergic 
sub-clusters 


Fig. 2. sNuc-Seq and biSNE distinguish cell subtypes and spatial expres- 
sion patterns. (A) Pyramidal CA1 and CA3 biSNE subclusters. Shown is a 2D 
embedding of the CAl and CA3 pyramidal nuclei (colored by cluster). Insets: the 
CAI cluster (orange) and CA3 cluster (green) within all other clusters from Fig. 1B. 
(B) Mapping of CAl and CA3 pyramidal subclusters to subregions. Subcluster 
assignments are numbered and color coded as in (A). Top: hippocampus sche- 
matic. (C) Predictions by CAl and CA3 subcluster spatial mapping match with 
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tSNE algorithm. (C) Cluster-specific genes across single nuclei. Color bar 
matches cluster color in (B). TPM: transcripts per million. (D) Identifica- 
tion of DG granule cell, CAl, CA2, and CA3 pyramidal cell clusters by marker 
genes, shown as (i) ISH image in hippocampus section (10) (arrowhead: high 
expression; scale bar, 400 um.); (ii) histogram quantifying expression in 
relevant cluster; and (iii) 2D embedding of nuclei [as in (B)] colored by rela- 
tive expression. 


B GicA3 HDG ersal Cc Expression patterns predictions 
Hica1+Sub Epb4. 112 Arhgef26 
) » “CA3M, CA1.2 
Ventral >. 
— 
Medial/Lateral d 


CA1.6 


Predicted JJup 


e Penk ePvalb* e@Oprd1 eVip** 


Allen ISH data (10). Left illustrations: boxes: predicted differential expression 
regions; arrowhead: high expression; asterisk: low expression. (D) Mutually ex- 
clusive expression of Penk (facing up) and its receptor Oprdl (facing down) across 
neuronal subclusters. Red line: median; box: 75 and 25% quantile. Single and 
double asterisks: GABergic clusters associated with Pvalb or Vip markers, 
respectively. (E) Co-FISH of Penk or Oprd with markers of GABAergic subtypes 
[Pvalb and Vip as in (D)]. Arrowheads: coexpression. Scale bars, 20 um. 
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to that of single-neuron RNA-Seq from young 
mice (1-3) (fig. $3, A to C). 

Analysis of sNuc-Seq data revealed distinct 
nuclei clusters (Fig. 1, B to D; figs. S4, S5, and 


S6, A to C; and table S1) corresponding to known 
cell types and anatomical distinctions in the 
hippocampus. Analysis was consistent with micro- 
dissections, in situ hybridization [Allen Brain 


Atlas ISH (0), fig. S5], and bulk RNA-Seq (J) 
(fig. S6D). We captured finer distinctions be- 
tween closely related cells using a new clustering 
algorithm, biSNE (biclustering on stochastic 
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Fig. 3. Transcriptional dynamics of adult neurogenesis by Div-Seq. (A) Div- 
Seq method: EdU is injected into adult mice and incorporates into dividing 
cells (5). Isolated EdU-labeled nuclei are fluorescently tagged by click-IT 
chemistry and captured by FACS for sNuc-Seq. (B) Adult neurogenesis in 
the DG (4). Tan box: timing of EdU labeling. NSC: neuronal stem cell. 
Bottom panel: EdU labeling and tissue dissection (gray) time course. (C) A 
continuous trajectory of newborn cells in the DG. biSNE 2D embedding of 


14 days). Bottom: Expression of markers, shown as (i) average expression 
along the trajectory (left colorbar) and (ii) 2D embedding colored by the 
expression level (right colorbar). Markers (clockwise from top left): Sox9 
(NSC), Notch (proliferation/differentiation), Neurod1 (immature neurons), 
Eomes/Tbr2 (neuronal precursor). (D) Expression waves along the trajectory. 
Left: average expression of cluster genes along the trajectory. Middle: heat- 
map of average expression of each gene along the trajectory and neuro- 


neuronal lineage nuclei (n = 269). Arrow: direction of trajectory determined — genic stages [labeled as in (B)]. Right: representative enriched biological 
by labeling time and marker expression. Top: Colored by labeling time (lto — pathways. 
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Fig. 4. Dynamics of adult newborn GABAergic neurons in SC. (A) Div-Seq 
in SC captures oligodendrocytes precursor cells (OPCs) and immature neu- 
rons. Distribution of cell types in non-EdU-labeled and 6 to 7 days EdU-labeled 
nuclei. (B) Div-Seq captured nuclei expressing marker genes of immature 
(Sox11) and GABAergic (Gad1) neurons. Box plots for immature neurons, mature 
neurons, and OPCs. Red: median; box: 75 and 25% quantiles. (©) Newborn cells 
in SC form a continuous trajectory. Two-dimensional embedding of 1 to 7 days 
EdU-labeled and nonlabeled nuclei (n = 184 neuronal lineage nuclei), colored 
by labeling time. Trajectory directionality is based on EdU labeling time and 
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marker genes. (D) Dynamically expressed genes shared in SC and DG neu- 
rogenesis (347 genes from fig. S22B and Fig. 3D). (E) Gradual transition from 
a glia-like to neuronal state. Neuronal trajectories in the SC [as in (C)] and DG 
(as in Fig. 3C) colored by a glia-neuron RNA expression score. (F) Region- 
specific gene expression in immature neurons (6 to 7 days after EdU 
labeling). A total of 236 genes differentially expressed between SC and DG 
(t-test false discovery rate <0.05, log-ratio >1) in olfactory bulb (OB), SC, and 
DG. Box: average expression of example genes up-regulated in OB and SC 
compared to DG. 
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neighbor embedding) (fig. S7), which partitioned 
the GABAergic neurons into subclusters (fig. S8 
and table S2) and associated each subcluster with 
combinations of canonical markers (fig. S8C). 
We validated selected markers using fluorescent 
RNA in situ hybridization (FISH) (fig. S9). 

BiSNE also distinguished between spatial hip- 
pocampal subregions with divergent transcrip- 
tional profiles. BiSNE partitioned glutamatergic 
cells into subclusters (Fig. 2A and fig. S10), which 
were further mapped to hippocampal subregions, 
with ISH of spatial landmark genes (10) (Fig. 2B 
and figs. S11 to S13). We validated our mapping 
by confirming expression patterns using the Allen 
ISH data set (10) (Fig. 2C and fig. S14). Although 
some subregions were assigned to a single sub- 
cluster (e.g., dorsal lateral CA1, Fig. 2B), most 
subregions were assigned partially overlapping 
subclusters, suggesting a gradual transition of 
transcriptional profiles between neighboring sub- 
regions. This extends current anatomical resolu- 
tions of the hippocampus (fig. $15) and supports 
the notion that cellular diversity does not always 
partition into discrete subtypes (12). 

We identified genes that are indicative of spe- 
cific cell type or position (tables S1 to S3). For 
example, Penk, encoding an opioid neuropeptide 
(enkephalin), and its receptor OprdI (13) were 
expressed in mutually exclusive subclusters of cells 
(Fig. 2D), which we validated by FISH and the 
Allen ISH data set (J0) (Fig. 2E and fig. S16). 
These cell types and spatial positions may be 
involved in enkephalin signaling within the 
hippocampus. 

Next, to study transcriptional dynamics dur- 
ing adult neurogenesis, we developed Div-Seq by 
combining sNuc-Seq with EdU labeling of dividing 
cells (Fig. 3A). Unlike genetic labeling (2, 14), 
EdU tags proliferating cells at any time window, 
marking stem cells and their progeny with high 
temporal resolution. We applied Div-Seq in the 
DG, a canonical neurogenic niche (4), over mul- 
tiple time points (1 to 14: days after cell division; 
Fig. 3B, fig. S17, and table S4). Div-Seq enriched 
for diverse newborn cell types and neurogenic 
stages (fig. S17, F and G), from proliferating stem 
cells to immature neurons (4). 

BiSNE analysis of neuronal lineage nuclei 
placed the DG newborn neurons on a contin- 
uous trajectory. The order of nuclei along the 
trajectory matched the EdU labeling time (Fig. 
3C), was independent of animal age (fig. S17H), 
and recapitulated known dynamics of neuro- 
genesis markers (2, 3, 15) (fig. SI8A), indicating 
that the trajectory indeed captured the neuro- 
nal maturation process. 

To characterize the transcriptional program 
of adult neurogenesis, we identified and clustered 
genes with dynamic expression patterns along 
the trajectory (Fig. 3D and table S5). We found 
major coordinated transcriptional waves, involv- 
ing hundreds of genes, and aligned with known 
transitions between neurogenic stages, with ex- 
pression shifts from proliferation to neuronal 
differentiation [consistent with (2)], and then 
to neuronal integration and maturation (Fig. 
3D). We identified genes with restricted ex- 
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pression in specific stages of neurogenesis (figs. 
$18 and S19), including transcription factors 
and chromatin regulators (fig. S18). We con- 
firmed the early neurogenic stage-specific ex- 
pression of the axon guidance molecule Draxin 
and the ribonucleotide reductase Rrm2 by FISH 
(fig. S19). 

Accumulating evidence suggests that adult 
neurogliogenesis occurs in multiple noncanonical 
regions (16), but traditional methods are limited 
for the characterization of rare newborn cells 
and can lead to less definitive findings, as in the 
spinal cord (SC) (17, 18). We applied Div-Seq over 
multiple time points (1 to 7 days) in the SC (fig. 
$20). SC nuclei 6 to 7 days after labeling (Fig. 4, 
A and B) comprised a diverse population of 
newborn cells including oligodendrocyte pre- 
cursor cells (OPCs, 44%) and immature neurons 
(19%), in contrast to 4% OPCs and no immature 
neurons in the non-EdU-labeled population. The 
SC newborn neurons expressed the GABAergic 
markers Gad1 and Gad2, suggesting GABAergic 
neurogenesis [consistent with (J8)] (Fig. 4B). 
Notably, we found a set of immature neuronal 
nuclei (10%) at 23 to 24 days after EdU labeling 
(fig. S21), suggesting survival of newborn neurons 
in the SC. 

The full set of neuronal lineage nuclei (fig. 
S$20A) map to a continuous trajectory (Fig. 4C) 
that matched labeling time and expression dy- 
namics of known markers (fig. S20C). Compar- 
ison of dynamically expressed genes along the 
SC and DG trajectories (fig. S20B) identified 347 
(28%) common neurogenesis genes (Fig. 4D and 
fig. S20C) but also revealed notable distinctions 
in the expression dynamics and branching along 
the DG and SC trajectories (Fig. 4, D and E) (6), 
which can result from differences in time scales, 
cell populations, or parallel gliogenesis and neuro- 
genesis processes. 

The immature neurons from SC and DG are 
composed of different neuronal types (GABAergic 
in SC, granule cells in DG). To identify candidate 
genes driving neuronal lineage specification, 
we first identified differentially expressed genes 
between SC and DG (¢ test) and then compared 
their expression patterns to those of newborn neu- 
rons in the olfactory bulb (OB), where GABAergic 
neurons are born (Fig. 4F). A set of SC-specific 
genes was also up-regulated in the OB relative to 
the DG, including the transcription factors Pbx3 
and Meis2. This is consistent with previous re- 
ports (79, 20), and with immunohistochemistry 
of Pbx3 showing expression in newborn cells 
both in the OB and SC but not in the DG (figs. 
$22 to S24). 

Application of Div-Seq to the adult CNS high- 
lighted potential regulators and the neurogenic 
potential of the SC, though the functional roles of 
these SC newborn neurons remained to be elu- 
cidated. Future technology developments may 
increase the sensitivity, throughput, and cell 
types amenable to these methods. sNuc-Seq and 
Div-Seq open new avenues in the study of neu- 
ronal diversity and dynamic processes in the CNS 
and can be readily applied to diverse biological 
systems and human tissues. 
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SIGNAL TRANSDUCTION 


pVHL suppresses kinase 
activity of Akt ina 
proline-hydroxylation-dependent manner 


Jianping Guo,’ Abhishek A. Chakraborty,” Pengda Liu,’ Wenjian Gan,’ Xingnan Zheng,” 
Hiroyuki Inuzuka,' Bin Wang,’ Jinfang Zhang,’ Linli Zhang,’ Min Yuan,* Jesse Novak,” 
Jin Q. Cheng,® Alex Toker,’ Sabina Signoretti,” Qing Zhang,” John M. Asara,* 

William G. Kaelin Jr.,”*7 Wenyi Wei!* 


Activation of the serine-threonine kinase Akt promotes the survival and proliferation of 
various cancers. Hypoxia promotes the resistance of tumor cells to specific therapies. We 
therefore explored a possible link between hypoxia and Akt activity. We found that Akt was 
prolyl-hydroxylated by the oxygen-dependent hydroxylase EgIN1. The von Hippel—Lindau 
protein (pVHL) bound directly to hydroxylated Akt and inhibited Akt activity. In cells 
lacking oxygen or functional pVHL, Akt was activated to promote cell survival and 
tumorigenesis. We also identified cancer-associated Akt mutations that impair Akt 
hydroxylation and subsequent recognition by pVHL, thus leading to Akt hyperactivation. 
Our results show that microenvironmental changes, such as hypoxia, can affect tumor 
behaviors by altering Akt activation, which has a critical role in tumor growth and 
therapeutic resistance. 


nactivation of the VHL tumor suppressor 
gene is the gatekeeper event in most hered- 
itary [von Hippel-Lindau (VHL) disease] and 
sporadic clear-cell renal carcinomas (ccRCCs) 
(1-3). Approved targeted therapies against 
advanced renal carcinomas include mechanistic 
target of rapamycin (mTOR) inhibitors (rapalogs) 
(4-6). Preclinical cancer models indicated that 
loss of VHL or phosphatase and tensin homolog 
(PTEN) increases rapalog sensitivity (7). Because 
Akt is frequently activated in VHZ-defective renal 
carcinomas (8), we thus tested whether VHL pro- 
tein (pVHL) might directly regulate Akt. 
Cre-mediated deletion of VHL in conditional 
VHL-knockout mouse embryonic fibroblasts (MEFs) 


(9) increased Akt activity, as evidenced by increased 
phosphorylation at threonine 308 (pT308-Akt) 
and serine 473 (pS473-Akt) (Fig. 1A). Reintroduc- 
ing pVHL in VHL-deficient renal carcinoma cells 
reduced pT308-Akt, and to a lesser extent pS473- 
Akt, in cells (Fig. 1B and fig. S1, A and B) and de- 
creased Akt kinase activity in biochemical assays 
(fig. S1, C and D). Because phosphorylation of 
T308-Akt plays a more critical role in activating 
Akt than does phosphorylation of $473 (10), we 
focused on the regulation of the former by pVHL. 
(Single-letter abbreviations for the amino acid 
residues are as follows: A, Ala; C, Cys; D, Asp; E, 
Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; 
M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, 


Thr; V, Val; W, Trp; and Y, Tyr. In the mutants, 
other amino acids were substituted at certain lo- 
cations; for example, P125N indicates that pro- 
line at position 125 was replaced by asparagine.) 

To test whether the regulation of Akt by pVHL 
in our system was hypoxia-inducible factor (HIF)- 
dependent, we depleted HIFI£ (11) in renal carci- 
noma cells, which did not decrease pT308-Akt 
(fig. S2, A and B). Similarly, silencing H7F2a in 
786-O cells or ectopically expressing a non- 
degradable HIF2a-PA (12, 13) in various cell lines 
did not alter pT308-Akt (fig. S2, C to F). Taken 
together, these results point to a HIF-independent 
link between pVHL and Akt activity. 

Total Akt abundance was not affected by 
manipulating pVHL in different cell lines (Fig. 
1, A and B). This left open the possibility that 
pPVHL specifically polyubiquitylates phospho-Akt. 
However, depletion of Cullin 2, which is required 
for pVHL-dependent ubiquitylation and leads to 
stabilized HIF2a (74) as expected, did not affect 
Akt phosphorylation (fig. S2G). These data sug- 
gest that pVHL suppresses Akt kinase activity in 
an E3 ligase-independent manner. 

Overexpressed pVHL bound to Aktl and Akt2 
but not to Akt3 (fig. S3, A to E). In contrast to 
the binding of HIFla to pVHL (J5, 16), Akt 
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Fig. 1. pVHL suppresses Akt phosphorylation. (A) Immunoblot (IB) analysis of whole-cell lysates (WCL) derived from VHL”' MEFs infected with Cre or control 
(EV) lentivirus. (B) IB analysis of WCL derived from RCC4 or 786-O cells infected with EV or VHL retrovirus. (C and D) 786-0 cells were engineered via retroviral 
infection to stably express pVHL and harvested for hemagglutinin-immunoprecipitation (HA-IP) or IB analysis after culturing under normoxia or hypoxia (1% O2) 


condition for 16 hours. 
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Fig. 3. EgIN1 hydroxylates Aktl at the Pro’> and Pro*"? residues to trig- in (D) were incubated with WCL derived from HEK293 cells transfected with 
ger Akt1 interaction with pVHL. (A) A schematic illustration of Aktl domain indicated constructs, and precipitated with streptavidin. (F) IB analysis of WCL 


structures with four putative prolyl-hydroxylation residues identified by means 
of LC-MS/MS analysis. (B and C) IB analysis of co-immunoprecipitation and 
WCL derived from HEK298 cells transfected with Flag-pVHL and indicated 
HA-Aktl constructs. (D) A schematic representation of the various biotiny- 
lated synthetic peptides used in this study. FOXO-like and HIF-ODD-like motifs 
were labeled in red and green, respectively. (E) Indicated peptides as denoted 
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derived from HEK293 cells transfected with indicated constructs. Where 
indicated, hypoxia mimetic reagents were used before harvesting for IB 
analysis. (G) IB analysis of WCL derived from WT or EgiNI-’~ MEFs infected 
with a retrovirus encoding Flag-tagged WT-EgIN1. (H) In vitro hydroxylation 
assays with recombinant His-EgIN1 and various Aktl peptides were analyzed 
by means of dot immunoblot. 


sciencemag.org SCIENCE 


Downloaded from http://science.sciencemag.org/ on September 3, 2016 


RESEARCH | REPORTS 


A r Cc on D WT P125/313A ~=SCs#F~—sEV WT P125/313A 
< —~ d é 
5 ¥ 0.4 8 P125A/313A VN 
2 
ea 6 _ 03 
ii = & HA-Akt Sz 
Bb 2 02 : 
| IB: pt308-akt as 7 a is 
iB: Akt gE o4 E 2235) © 1 Gee) * 
, & : E 2 3 E a he 
[ meee IB: Tubulin 2 4 es, 2 
BE 25 2S | 
DLD1-AKT1/2“ 0 15 30 60 120 240 6S 2 5 a3 
Minutes 8 > 1.5 9 € acl 
B go 4 oe 
WT P125/313A HA-Akt1 29 244 
BO 05 & 
0 15 30 60120240 0 15 30 60120240 insulin (min) & 0 & 0+ 
RY > 
— —— — — __ JIB: pT308-Akt < 9 } S oF 
” N 
H I Px 
<a> ueibwpememers| |B: HA-Akti 600 > 
> —e-EV T 
€ * _~ 800 * 
-_—--—- —— = @ = | IB: pGSK3p € —a-WT = | 
g 400) —s—-P125/313A_y = 600 ry 
Seeeee Ge8ee® EF: csk3 2 8 4 
° E 400 = 
Pf. ? fa  & & S| IB: pFoxo 6 200 5 A i ‘ 
£ 200 
eI Fe 
| ol 
@eeeaceee #* ©8468 JB: Fox0 i . 
o+ 0-4 Ry = = , 
i) 
jeoaueulia 9 12 14 17 19 21 23 26 © s 
Days a 
J Patient-associated mutations 
G311D 
hAkt1 : g Ee ” : 
FENNESS 
P127N S SRR SEE HAA +e 
- + + + + + + CMV-GST-pVHL 5 5 *k 
hAkt2 ©) PH. oe KDin AM § IB: HA-Akt1 2 25 2 6 
{} 5 : — 5 * E * 
q2<aea a Zs 2 Z- 4 =~ 
L J. 8RE= F | + > 5 
mea a LS Havant 2 IE-GST 65 15 af 
oO oS 
> >~ 
50 = 1 
a = ac 0 ao 0 
= IB: Akt-Pro125-OH : 
[= =| 1B: GST oe fF 9 


Fig. 4. Disruption of Akt proline-hydroxylation events leads to a sustained 
Akt kinase activation and increased colony formation and tumor growth. 
(A to C) IB analysis of WCL derived from DLD1-AKT1/2~“~ cells (A) infected with 
lentiviruses encoding WT- or P125/313A-Akt1. (B) Cells were deprived of serum 
for 24 hours followed by stimulation with insulin (0.1 uM), and relative pT308- 
Akt intensity was quantified in (C). (D to G) Colony formation (D) and soft agar 
(F) assays were performed with DLD1-AKT1/2 ~~ cells generated in (A), and were 
quantified in (E) and (G) (mean + SD, n = 3 wells per group). *P < 0.05 (Student's 


t test). (H and I) Mouse xenograft experiments were performed with the cells 
generated in (A). Tumor growth curve (H) and tumor weight (1) were calcu- 
lated (mean + SD, n = 6 mice per group). *P < 0.05 (one-way analysis of variance 
test). (J) A schematic representation of cancer patient-associated Akt mutations. 
(K and L) Glutathione S-transferase pull-down and IP analysis of WCL derived 
from HEK293 cells transfected with indicated constructs. (M and N) Relative 
colony numbers were quantified for colony formation (M) and soft agar (N) 
assays (mean + SD, n = 3 wells per group). *P < 0.05, **P < 0.01 (Student's t test). 


bound to wild type (WT) and most type 2 but 
not type 1 pVHL mutants (fig. S3, F to I) (3, 16). 
Site-directed mutagenesis of critical residues with- 
in the hydroxyl-proline binding pocket of pVHL 
(13, 17) revealed that pVHL residues critical for 
binding to Aktl and HIFlo partially overlap but 
are not identical (fig. S3, J to M). Likewise, WT 
and most type 2 but not type 1 pVHL mutants 
inhibited pT308-Akt in 786-0 cells (fig. S3N), 
suggesting that pVHL suppresses Akt through 
a direct physical association. Consistent with our 
findings in cell lines, pT308-Akt was increased 
in human VAHL mutant ccRCC clinical samples rel- 
ative to surrounding normal tissues (fig. S4, A to C). 
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HIFo must be prolyl-hydroxylated by the egg- 
laying defective nine (EgIN) oxygen-sensitive en- 
zymes to bind pVHL (18-20). To test whether 
inhibition of Akt by pVHL is likewise regulated 
by oxygen, we exposed cells to 1% Oz or the EglIN 
inhibitor dimethyloxaloylglycine (DMOG). Both 
treatments increased pT308-Akt in VHZ-proficient 
but not VHL-deficient ccRCC cells (Fig. 1C and 
fig. S5A) in a HIF20-independent manner (fig. 
S5B). Hypoxia and hypoxia-mimetics also dis- 
rupted the interaction of pVHL with Aktl (Fig. 
1D and fig. S5, C to G). 

Depletion of EglNI (also termed PHD2), but 
not EglN2 or EgiN3, increased Akt kinase activ- 


ity in various cell lines (Fig. 2A and fig. S6, A to 
E). Reactive oxygen species (ROS) can destabilize 
PTEN and thereby activate Akt (27, 22). However, 
EglN1 inactivation minimally induced cellular 
ROS levels and did not down-regulate PTEN 
(Fig. 2A and fig. S6, F to I). Akt hyperactivation 
was reversed by reintroducing wild-type but not 
catalytic-inactive EgIN1 in EglNI/~ MEFs (Fig. 
2B) or EglN1-depleted human embryonic kidney 
(HEK) 293 cells (fig. S6J). Furthermore, DUOG 
or hypoxia activated Akt in parental but not 
FgiNi-depleted cells (Fig. 2C and fig. S6, K and 
L). Consistent with these findings, Akt] bound 


to EgIN1 but not EgIN2 or EglN3, whereas both 
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pVHL and EglIN1 bound to Aktl and Akt2 but 
not Akt3 (fig. S7, A to K). Moreover, the interaction 
of pVHL with Aktl was abolished in EglNI- 
depleted cells (fig. S8, A to C), and depleting 
EgiN1 resulted in increased pT308-Akt only in 
VHL-WT cells but not VHL-deficient cells (Fig. 
2D and fig. S8, D and E). Hence, EgIN1 is re- 
quired for pVHL to suppress Akt. 

Both EgIN1 and pVHL preferentially bound 
the activated form of Aktl (E17K variant or 
myristoylated-Akt) (fig. S9, A to H) (23). More- 
over, binding of EglN1 to Aktl correlated with 
the appearance of pT308-Akt in cells stimulated 
with insulin or epidermal growth factor (EGF) 
(Fig. 2, E and F, and fig. S10, A to H). Conversely, 
blocking Akt phosphorylation decreased the inter- 
action of Aktl with EgINI (fig. S10, I to K). To test 
whether Akt can be hydroxylated by EgIN1, we 
identified hydroxylation of multiple Akt1 prolyl- 
residues including Pro”, Pro™, Pro™*, and Pro? 
by means of liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) analysis (Fig. 3A and 
fig. S11, A to E). These prolyl-residues are highly 
conserved and can be divided into HIF oxygen- 
dependent-degradation (ODD)-like sites (Pro?"® 
and Pro*?’) (12, 13, 24) or Forkhead-Box-03 
(FOXO3)-like sites (Pro”° and Pro”") (fig. SIF) 
(25). Mutating FOXO-like but not HIF-ODD-like 
sites reduced the interaction of Aktl with pVHL 
(Fig. 3B), leading to increased pT308-Akt (Fig. 
3C), arguing that these two residues are pivotal 
for the regulation of Akt by pVHL. Mutating 
FOXO-like sites to HIF-ODD motifs in Aktl im- 
paired its interaction with indicated type 2 pVHL 
mutants (fig. S12, A to F), again supporting that 
the pVHL residues used to bind hydroxylated 
HIFo and Akt are similar but not identical. 

Mutations of Pro”° and Pro®”? enhanced the 
interaction between Akt and its upstream kinase 
phosphoinositide-dependent kinase 1 (PDK1), 
leading to increased pT308-Akt that is insensitive 
to DMOG treatment (fig. $13, A to D). Moreover, 
hydroxylation-dependent recruitment of pVHL 
promoted the interaction of Akt1, but not Akt3, 
with the catalytic subunit of protein phosphatase 
2A (PP2AC) (fig. S14, A to D) (26), which de- 
phosphorylates pT308-Akt (27). The binding of 
PP2AC to Aktl, but not Akt3, was diminished in 
cells deficient in EglNI or VHL or by mutating 
the Aktl FOXO-like motifs (fig. S14, E to I. Fur- 
thermore, recombinant pVHL promoted PP2A- 
mediated dephosphorylation of pT308-Akt in vitro 
(fig. S14, J to L). Collectively, these data suggest 
that EgIN1-induced hydroxylation of Akt sup- 
presses Akt activation, in part, by triggering pVHL- 
mediated PP2A-induced dephosphorylation of 
pT308-Akt (fig. S14M). 

To test whether prolyl-hydroxylation might 
alter the recognition of Aktl by pVHL, we per- 
formed in vitro binding assays with biotinylated 
Aktl-derived peptides. Peptides spanning the Akt1 
FOXO-like sites bound to pVHL in a hydroxylation- 
dependent manner (Fig. 3, D and E). Further- 
more, hydroxylated Akt1 peptides bound to WT 
and most type 2 but not type 1 pVHL mutants 
(Fig. 3E and fig. S15, A to E). Synthetic hydroxyl- 
peptides derived from HIFlo or Aktl competed 
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with one another for binding to pVHL (fig. S15, 
F and G). To study the Aktl FOXO-like hydrox- 
ylation sites in cells, we generated and validated 
antibodies to Akt-Pro’”’-OH or Akt-Pro®”?-OH 
(fig. S16, A to F). In agreement with EglN1 as 
the major upstream hydroxylase for Akt, recog- 
nition of Aktl by the Akt-Pro*-OH antibody 
was diminished in EglNi-depleted cells and by 
hypoxic conditions (Fig. 3, F and G, and fig. S16, 
G to I). In multiple cell lines, Akt1 hydroxylation 
was triggered by growth factors (fig. S16, J to 
N). Using in vitro hydroxylation assays (fig. 
$17, A to C) (25, 28) coupled with MS analysis, 
we identified both Pro’™® and Pro?" residues 
as hydroxylation sites by EgIN1 (Fig. 3H and 
fig. S17, D to K). 

Given that aberrant Akt activation can alter 
cell survival and metabolism to favor tumor- 
igenesis, we evaluated whether hydroxylation of 
Akt modulates Akt-oncogenic signaling. Reintro- 
ducing the FOXO-like hydroxylation-deficient 
mutants (P125A and/or P313A) of Aktl, but not 
the corresponding Akt3 variants, into DLD1- 
AKTY'-/AKT27~ cells (denoted AKT1/27/~) led to 
increased pT308-Akt as compared with AKTI/2-~ 
cells expressing wild-type Akt (Fig. 4, A to C, and 
fig. S18, A to G). Moreover, P125A and/or P313A of 
Akt1, but not the corresponding mutation in 
Akt3, promoted colony formation and anchorage- 
independent growth in vitro, as well as enhanced 
tumor formation in vivo relative to wild-type Akt 
(Fig. 4, D to I, and fig. $18, H to R). 

We also identified two cancer-associated Akt 
mutations, Aktl-G311D and Akt2-P127N (www. 
cbioportal.org) (Fig. 4J) (29). The corresponding 
Akt mutants displayed reduced Akt hydroxylation, 
associated with reduced interaction with pVHL 
and PP2AC (Fig. 4K and fig. S19, A to E), leading 
to increased pT308-Akt (Fig. 4L). Biologically, 
reintroducing either P125N or G311D mutant 
of Aktl or P127N-Akt2 in AKT1/2”/~ cells led to 
sustained activation of Akt oncogenic signaling 
(fig. S19, F to I, as well as increased oncogenic 
functions (Fig. 4, M and N, and fig. S19, J to 
O). These results indicate that these cancer- 
associated mutations in Akt exhibit increased 
oncogenic activity because of loss of proline- 
hydroxylation-dependent inhibition of Akt by 
pVHL (fig. S19P). 

Therefore, our studies revealed that hypoxia 
and deficiencies in the VHL/EGLN tumor- 
suppressive pathway, in a HIF-independent and 
prolyl hydroxylation-dependent manner, lead 
to aberrant Akt activation, which in many mod- 
els promotes apoptotic resistance. Conceivably, 
hypoxia-induced Akt activation promotes the 
survival of stem cells within hypoxia niches, 
regenerating cells within ischemic tissues and 
wounds, and cancer cells within hypoxic tumors. 
In a VHL-deficient ccRCC setting, accumulation 
of HIFa and activated Akt are likely to be in- 
tegrated to promote renal carcinogenesis and 
metastasis (30). This view provides further sup- 
port for targeting phosphatidylinositol 3-kinase 
and/or Akt to treat pVHL-defective kidney can- 
cers specifically and as a way to chemosensitize 
hypoxic tumors generally. 
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VIROLOGY 


Discovery of a proteinaceous cellular 
receptor for a norovirus 


Robert C. Orchard,’* Craig B. Wilen,'* John G. Doench,” Megan T. Baldridge," 
Broc T. McCune,’ Ying-Chiang J. Lee,’ Sanghyun Lee,’ Shondra M. Pruett-Miller,” 
Christopher A. Nelson,’ Daved H. Fremont,’ Herbert W. Virgin't+ 


Noroviruses (NoVs) are a leading cause of gastroenteritis globally, yet the host factors 
required for NoV infection are poorly understood. We identified host molecules that 
are essential for murine NoV (MNoV)-induced cell death, including CD300If as a 
proteinaceous receptor. We found that CD300If is essential for MNoV binding and 
replication in cell lines and primary cells. Additionally, Cd300/f-“~ mice are resistant 
to MNoV infection. Expression of CD300If in human cells breaks the species barrier 
that would otherwise restrict MNoV replication. The crystal structure of the CD300If 
ectodomain reveals a potential ligand-binding cleft composed of residues that 

are critical for MNoV infection. Therefore, the presence of a proteinaceous receptor 
is the primary determinant of MNoV species tropism, whereas other components 

of cellular machinery required for NoV replication are conserved between 


humans and mice. 


oroviruses (NoVs) are nonenveloped 

positive-sense RNA viruses (J, 2). Because 

of the strict species tropism of viruses in 

the NoV genus and the lack of robust rep- 

lication of human norovirus (HNoV) in 
animal models, murine norovirus (MNoV) has 
emerged as a model system to uncover basic 
mechanisms of NoV biology in vitro and in vivo 
(/, 3-8). MNoV can establish persistent enteric 
infection, enabling studies of the interplay be- 
tween viral persistence, resident enteric micro- 
organisms, and the host immune system (4-6). 
The capacity of HNoV and MNoV to bind cells 
and the susceptibility of humans to HNoV have 
been linked to expression of cell-surface and 
secreted carbohydrates (7, 9-73), whereas another 
member of the Caliciviridae family uses a pro- 
teinaceous receptor (J4, 15). Host factors, including 
receptors required for NoV infection and patho- 
genesis, have largely defied molecular identifica- 
tion; their discovery would aid in understanding 
mechanisms of NoV replication, vaccination, spe- 
cies tropism, and enteric viral persistence. To 
identify host molecules required for MNoV in- 
fection, we undertook an unbiased forward ge- 
netic approach (fig. $1). 

MNOoV replicates and induces cell death in 
murine macrophage-like cells, including the mi- 
croglial BV2 cell line, allowing the identification 
of genes essential for MNoV replication by means 
of CRISPR-Cas9 technology. We introduced four 
independent genome-wide subpools of single- 
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guide RNAs (sgRNAs) from the murine Asiago 
library into BV2 cells stably expressing Cas9 and 
then infected the cells with MNoV strains that 
either cause acute systemic infection (MNov‘°™”?) 
or persistent enteric infection (MNov®%) (16-18). 
sgRNA sequences from the surviving cells were 
sequenced and analyzed using the STARS gene- 
ranking algorithm (Fig. 1A) (17). sgRNAs target- 
ing Cd300/f (CLM-1, CMRF35, MAIR-V, and LMIR3), 
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a gene that encodes a cell-surface immunoglobulin 
(ig) domain-containing molecule within a family 
of proteins involved in binding lipids, were most 
significantly enriched for both MNoV strains 
(Fig. 1A and tables S1 to S3) (19). We generated 
two independent BV2ACD300lf clones (where 
the delta signifies disruption of the Cd300/f gene); 
the growth of MNoV(™? and MNoV “°° was abol- 
ished in both clones, whereas the replication of 
other viruses was unaffected (Fig. 1B and fig. S2). 
We also validated the importance of several 
additional molecules that were predicted by our 
screen to play a role in MNoV-induced cell death 
(Fig. 1A and fig. $3). Taken together, these data 
provide a systematic overview of the molecules 
required for NoV replication in these cells. 

We selected CD300If for further analysis 
because of its cell-surface expression and the 
importance of viral receptors in conferring per- 
missiveness for viral replication and species 
tropism. Transfection of MNoV°“? RNA into 
BV2ACD300lf cells was sufficient to restore 
MNoV°™? production, demonstrating that 
CD300lf is essential for viral entry (Fig. 2A). 
Preincubation of cells with a polyclonal anti- 
body targeting CD300If (a-CD300If) blocked 
MNoV~™?-induced cytopathic effects in BV2 
cells (Fig. 2B). Similarly, incubating MNoVO™? 
with recombinant CD300lf ectodomain (sCD300If) 
neutralized MNoV?-induced cytopathic effects, 
whereas annexin V or phosphoserine treatment 
had no effect (Fig. 2C and fig. S4). Similar re- 
sults were obtained for infection of the B cell line 
M12, bone marrow-derived dendritic cells, and 
bone marrow-derived macrophages, indicating 


Fig. 1. CRISPR screen iden- 
tifies CD300If as neces- 
sary for MNoV infection. 
(A) A heat map showing 
enrichment of genes in the 
two indicated conditions. 
Genes are color-coded on 
the basis of their STARS 
score. (B) Wild-type BV2 
cells and two independently 
derived CD300If-deficient 
clones (clone 1 and clone 2) 
transduced with an empty 
24 vector or a vector expressing 
CD300If were challenged 
with MNoV (top) or 
MNoV°® (bottom) at a 
multiplicity of infection (MOI) 
of 0.05. Viral production was 
assessed by plaque assay 
(PFU, plaque-forming unit). 
Shown are means + SEM for 
data pooled from three 
independent experiments. 
L.O.D., limit of detection. 
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the essential role of CD300If in multiple cell 
types (Fig. 2D). These data together indicate 
that interactions between MNoV and CD300lf 


are essential for MNoV infection. 


To directly test whether CD300lf functions as 
a binding receptor for MNoV, we analyzed the 
attachment of MNoV°™® to BV2 cells on ice. 
BV2ACD300lf cells were impaired in MNov~w? 


sCD300lf 


binding (Fig. 2E). Additionally, treating BV2 cells 
with a-CD300lf or preincubating virus with 


reduced MNoV binding (Fig. 2E). In 


BV2ACD300lf cells, binding of MNov~“? was 
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measured by fluorescence-activated 


cell sorting for intracellular MNoV NS1/2 expression, and inhibition is relative to an isotype control (for a-CD300If) or control protein (for sCD300If). BMDM, bone marrow- 
derived macrophage; BMDC, bone marrow-derived cell. (E) A representative MNoV°? binding assay in complete media to indicated BV2 cell lines, as assayed by 
quantitative polymerase chain reaction. Binding assays were performed when cells or virus were preincubated with o-CD300If or sSCD300If, respectively. Data were analyzed by 
one-way analysis of variance (ANOVA) with Tukey's multiple comparison test; three independent experiments were performed in triplicate. (F) MNoV' binding assay 
performed in phosphate-buffered saline (PBS) plus 10% fetal bovine serum (FBS) or derivatives as indicated. Data were analyzed by one-way ANOVA with Tukey's multiple 
comparison test; three independent experiments were performed in triplicate. Throughout, results are shown as means + SEM for data pooled from three independent 
experiments [except in (E), where results are shown from one representative experiment]. ns, not statistically significant; *P < 0.05; **P < 0.01; ***P < 0,001; ****P < 0.0001. 
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genomes was monitored for 21 days postchallenge. Data were analyzed by 
repeated measures ANOVA; shown are means + SEM (n = 9 or 10 mice per 
cohort, combined from two independent experiments). ***P < 0.001. 


with sCD300If before plaque assay. Inhibition is relative to a control protein. 
Shown are means + SEM for data pooled from three independent experiments. 
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PFU of MNoV@" preincubated with either sCD300If or control protein. Data 
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not further inhibited by o-CD300lf or by pre- 
mixing virus with sCD300lf (Fig. 2E). These re- 
sults show that CD300If mediates viral binding 
and is a functional receptor for MNoV. 

Previous reports have suggested that carbo- 
hydrates facilitate the binding of MNoV and 
HNoV to host cells and control the susceptibility 
of humans to HNoV infection (J, 9-1). Therefore, 
we assessed the relative contribution of carbo- 
hydrates to MNoV attachment and infection. Un- 
expectedly, mice deficient in F2t2, which controls 
histo-blood group antigen (HBGA) secretor status, 
had similar MNoV loads to those of wild-type 
littermate controls (fig. S5A). Also, treating cells 
with the mannosidase I inhibitor kifunensine sig- 
nificantly reduced cell-surface carbohydrates but 
did not significantly alter MNoV““? binding to 
cells (fig. S5, B and C). These data suggest that, 
within the sensitivity of these assays, MNoV 
binding and infection are dependent on CD300If 


A MNoVve“s 


PFU! (log} 0) 


but not on protein-associated glycans or secretor 
status. 

In addition to CD300If, we discovered that ef- 
ficient MNoV binding to cells requires a cofactor 
found in serum (Fig. 2F). The cofactor is present in 
delipidated serum and is resistant to proteinase K 
and heat denaturation (95°C; Fig. 2F). Size frac- 
tionation of serum indicates that the cofactor is 
present in fractions with an average molecular 
weight of less than 5000 Da (Fig. 2F). Thus, the 
serum cofactor is most likely a small nonproteina- 
ceous heat-stable molecule that interacts with MNoV 
and/or CD300If to facilitate cellular binding. 

Next, we sought to assess the physiologic rel- 
evance of MNoV and CD300If interactions. MNoV 
isolated from the spleens of MNoV“™*-infected 
mice remained sensitive to sCD300If inhibition, 
indicating that sCD300If neutralizes MNoV regard- 
less of the source of the virus (Fig. 3A). To test the 
role of CD300lf and MNoV interactions in vivo, 
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we incubated MNoV‘“™? with either sCD300If or 
acontrol protein before infection of Statl”~ mice, 
which succumb to MNoV‘“? infection. In a dose- 
dependent manner, sCD300lf preincubation was 
able to protect from MNoV-induced lethality (Fig. 
3, B and C). Last, we generated Cd3001f ~~ mice 
to test the in vivo role of CD300lf in MNoV infec- 
tion. Cd3001f ”~ mice were resistant to MNoV°®® 
infection compared with littermate controls (Fig. 
3D). These data demonstrate that CD300lf is the 
primary physiological receptor for MNoV in vivo. 

MNoV replicates in murine dendritic cells, 
macrophages, and B cells, but not in epithelial 
cells or human cells because of a restriction at 
viral entry (20, 21). Therefore, we tested whether 
expression of murine CD300lIf was sufficient to 
confer susceptibility of HeLa cells to MNoV. As 
expected, HeLa cells transfected with a control 
plasmid were unable to support MNoV replica- 
tion (Fig. 4A). In contrast, HeLa cells expressing 
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Fig. 4. Structure-guided mapping identifies the CC’ loop and CDR3 of CD300If as critical 
for MNoV infection. (A) HeLa cells transiently transfected with indicated constructs were 
infected with either MNoVS (left) or MNoV°RS (right) at a MOI of 0.05. Viral production was 
measured by plaque assay at the indicated time points. GFP, green fluorescent protein. 
(B) HeLa cells transiently transfected with indicated CD300 constructs or TIM1 were infected 
with MNoV°™? at a MOI of 5.0 and analyzed for expression of CD300 or TIM1 (FLAG) and 
MNoV NS1/2. (C) Recombinant ectodomains of indicated CD300 molecules (10 ng/ml) were 
preincubated with MNoV°'? at a MOI of 5.0 before infection of BV2 cells. Cellular viability was 
assayed 24 hours postinfection. (D) HeLa cells transiently transfected with indicated CD300 
constructs were infected with MNoVS at a MOI of 5.0 and analyzed for expression of CD300 


(FLAG) and MNoV NS1/2. CD300IfACT, CD300If with truncation of cytoplasmic domain. In (A) to (D), results are shown as means + SEM for data pooled from 
three independent experiments. (E) Ribbon diagram of murine CD300If ectodomain with bound metal ion and Hepes. The B-sheets (cyan) are lettered as a 
canonical V-type Ig domain with the positions of the CDR-equivalent loops indicated. The disulfide bonds are shown in yellow. Numbers indicate amino acid 
positions. (F) Mapping of mutational results onto the CD300If surface. Displayed in cyan are murine CD300If residues replaced by human equivalent residues 
in CDRI1, C", and DE loop that had no effect on infection. The CC’ loop and CDR3 mutations that diminished viral infection are shown in magenta. 
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murine but not human CD300lf were susceptible 
to MNoV (Fig. 4A). These results indicate that 
CD300lf expression is sufficient for MNoV growth 
in human cells and suggest that differences be- 
tween human and murine CD300lf could con- 
tribute to MNoV species restriction. 

In mice, there are eight CD300 family members 
(22). Therefore, we sought to determine whether 
other CD300 molecules are capable of functioning 
as MNOV receptors. After transfection into HeLa 
cells, only CD300If and CD300ld conferred sus- 
ceptibility to MNoV, whereas the expression of 
other CD300 family members or of the unrelated 
phosphatidylserine binding protein TIM1 was un- 
able to support MNoV infection (Fig. 4B and fig. 
S6) (23). We further confirmed that expression of 
CD300lf or CD3001d, but not CD300lh, was suf- 
ficient for viral replication in human cells (Fig. 
4A). However, in contrast to murine CD300If, the 
recombinant ectodomains of murine CD300ld, 
murine CD300lh, or human CD300If failed to 
neutralize viral infection (Fig. 4C). Additionally, 
BV2ACD300ld cells are susceptible to MNoV in- 
fection, suggesting that CD300ld can act as a MNoV 
receptor when ectopically expressed, but it is not 
a universal requirement (fig. S7). However, we 
cannot exclude the possibility that CD300ld may 
play a role in viral tropism in some circumstances 
in vivo. Experiments in Cd3001f ~~ mice indi- 
cate that this putative role is not essential for 
intestinal infection or shedding. 

We next sought to define the mechanism for 
MNoV entry via CD300lf and to determine how 
MNoV discriminates between mouse and human 
CD300lf proteins. Importantly, the intracellular 
domain of CD300If was not required to make 
HeLa cells susceptible, indicating that species 
tropism is determined by the ectodomain (Fig. 4D). 
We determined the crystal structure of the CD300If 
ectodomain at 1.6 A resolution (Fig. 4E and table 
$4). Densities corresponding to a bound Hepes 
molecule, which was present in the purification 
buffers, and a coordinated metal were visible 
in a surface cleft formed between the CDR3 loop 
and the f-hairpin turn that connects the C-C’ 
B-strands. CD300lf has been reported to mediate 
the phagocytosis of apoptotic cells through the 
calcium-dependent binding of lipids (24-26). 
Hepes has chemical resemblance to a phospho- 
lipid headgroup (fig. S8). Our structure also re- 
veals a metal coordinated primarily by CD300lf 
Asp®’ and two CDR3 loop carbonyl oxygens. Al- 
though mutation of murine CD300lf Asp®’ has 
been shown to disrupt apoptotic cell-surface 
binding, this mutant still allows MNov\® infec- 
tion of HeLa cells, suggesting that viral entry can 
occur in the absence of bound metal (Fig. 4D and 
fig. S8) (25, 27). The Ig domains of murine and 
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human CD300lf share 59% sequence identity, 
and structurally the largest variation occurs in 
CDR3 and the CC’ loop (figs. S9 and S10) (27). 
Individual substitutions of human CC’ loop and 
CDR3 into murine CD300Ilf diminished and 
abolished MNoV‘°™® infection of HeLa cells, 
respectively (Fig. 4, D and F). Additionally, 
purified recombinant proteins harboring CC’ loop 
and CDR3 human sequences failed to neutralize 
MNovV infection (Fig. 4C and fig. S11). However, 
the reciprocal CDR3 mutation (murine CDR3 
into human CD300If) was not sufficient for MNoV 
infection (Fig. 4D). Independently comparing 
murine CD300lf and CD300hh also indicated that 
the CD300lf CC’ loop and CDR3 sequences are 
necessary but not sufficient for receptor utiliza- 
tion by MNoV (fig. S12). These data provide a 
framework for understanding how MNoV dis- 
criminates between CD300 family members. 
Our work establishes that CD300If is a func- 
tional MNoV receptor that mediates binding to 
the cell surface and is both necessary and suf- 
ficient for viral entry and replication in vitro and 
in vivo. Because MNOV serves as a model system 
for understanding how viruses persist and shape 
the immune system, the modulation of receptor 
availability, either genetically or chemically, may 
foster understanding of immunomodulation, per- 
sistence, and tropism of MNoV. This work also 
enables the future study of MNoV replication in 
human cells, which may uncover novel mecha- 
nisms of viral replication and pathogenesis and 
allow a direct identification and mechanistic dis- 
section of the cellular factors required for NoV 
replication across species. Additionally, our work 
has implications for understanding HNoV infec- 
tions. HNoV binds to HBGA, and susceptibility to 
HNoV is correlated with host HBGA status; the 
studies that show this (72, 13) are the foundation 
for the hypothesis that glycans are HNoV recep- 
tors (9). However, HBGA alone cannot explain 
species tropism or the entry barrier for HNoV. In 
contrast, our data indicate that murine CD300If 
is sufficient to explain tropism for MNoV and 
more broadly suggest the possibility that other 
NoVs use proteinaceous receptors in addition to 
small molecule cofactors that are present in 
serum or other biological fluids. It is intriguing 
that CD300 molecules can bind a range of host 
lipids and bacterial products (22, 28). It may 
therefore be that NoV cell and tissue tropism is 
determined in a combinatorial fashion by pro- 
teinaceous receptors interacting with permis- 
siveness cofactors that are present at different sites. 
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* Call variants with confidence 


Detect SNPs with 98% sensitivity and >99% 
specificity for SNP allele classification. 


entire exome (Figure 1), but particularly optimized 
for analyzing regions of medical relevance (Figure 2) 
in research studies. 
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Reduce sequencing cost through uniform 
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multiplexing protocols. 


=— Roche MedExome = Supplier A’s Clinical Research Exome 


Fold 80 Base Penalty 


Fold additional sequencing needed to 
bring 80% of the targeted bases up to 
the original mean coverage depth 


MedExome 1.95 
Competitor A 2.21 


an 
o 
a 
is] 
a 
- 
° 
” 
= 
o 
° 
o 
o 
-5 


0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
Depth of coverage 


Figure 1. Roche’s SeqCap EZ MedExome kit demonstrated 
sustained coverage at 100% and more uniform coverage than 
Supplier A’s Clinical Research Exome. Fold 80 base penalty 
calculation shows more uniform capture for the Seqcap EZ MedExome 
Kit. This graph is of one representative sample from one 6-plex capture 
per product. For Supplier A’s product, the targets are unpadded. 
SeqCap EZ MedExome kit target reflects empirical target across all 
metrics. All reads were subsampled to 60 million for assessment.* 
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Figure 2. With SeqCap EZ MedExome, 53% of medically relevant 
genes are covered at 100% (220X coverage) vs. 6% by Supplier A’s 
Clinical Research Exome. Percentage of bases covered at 220X for each 
consolidated target was determined using GATK (DepthOfCoverage), 
summarized by gene. Supplier A kit's data was generated by a third- 
party sequencing service provider, following Supplier A’s protocol. All 
reads were subsampled to 60 million for assessment, then subjected to 
the same bioinformatics pipeline for analysis.* 
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Figure 3. SeqCap EZ MedExome shows reduced GC bias in 
sequencing coverage with uniform coverage over a broad range 
of GC content. One-hundred nanograms of extracted NA12898 DNA 
was subjected to performance evaluation by both kits. Performance was 
determined post-enrichment following SeqCap EZ User’s Guide v5.1. 
Supplier A’s kit data was generated by a 3rd party service provider 
following vendor's protocol. All reads were subsampled to 60 million for 
assessment. Sequencing reads were subjected to the same bioinformatics 
pipeline for analysis. GC composition of all consolidated target regions 
(empirical target for MedExome, unpadded target for Supplier A) was 
determined and plotted against mean depth of coverage calculated by 
GATK DepthOfCoverage for all consolidated target regions.* 
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refillable electrodes for 16 different param- Milling Platform 
eters. Each electrode comes supplied with The Fitzpatrick Company and Quadro 
reference fill solution, an ionic strength ad- Engineering Corp. have launched 
justor, and a bottle of calibration standard, the Scalable Lab System (SLS), the 
so the electrode can be used right away. latest incarnation of their lab-scale 
Backed by a three-year warranty, TruLab LIA FitzMill and U5 Comil combina- 
and MultiLab meters are easy to use and tion package. The SLS includes 
come in single, dual, or triple channels. five material processing and milling 
The MultiLab meters are available with In- solutions: Fitzpatrick’s FitzMill LIA 
telligent Digital Sensor technology, internal Comminutor, and Quadro’s U5 and 
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and X-ray (wavelength range 1,100 nm to 


The new 96-well CometChip System 
enables reproducible and sensitive 
measurements of DNA damage in 

human cells and provides the necessary 
throughput for genotoxicity testing, drug 
development, epidemiological studies, 
and clinical assays. Instead of being 
randomly dispersed in agarose on a glass 
slide as in the traditional Comet Assay, 
cells in the CometChip are captured on 
an array of agarose microwells. Each well 
of the CometChip contains approximately 
400 microwells of 30-micron diameter, 
displayed in a defined pattern and depth 
that causes the captured test cells to 
reside in a single plane. A single 96-well 
CometChip can produce 20,000 data 
points per chip, based on an average 

of 208 cells imaged per well. With a 
capacity for three CometChips per run, 
the output for just two runs per day is 
120,000 data points. The Comet Analysis 
Software can analyze data from these 
120,000 cells and generate a report in 
under 20 minutes. 

AMS Biotechnology 

For info: 44-(0)-1235-828200 
www.amsbio.com 


PTR-MS Autosampler 

The real-time measuring capability 

of a proton transfer reaction-mass 
spectrometry (PTR-MS) trace gas 
analyzer is ideally suited for continuous 
volatile organic compound (VOC) 
monitoring, but also for rapid analysis 

of discrete samples within seconds. 

The new IONICON autosampler for 
PTR-MS enables automated screening 
of hundreds of sample vials. It can 

be loaded with multiple sample trays 
carrying up to 270 vials (20 mL) 
simultaneously, for liquid, solid, or gas 
samples. The benchtop autosampler 
allows for static and dynamic headspace 
measurements. A custom-made software 
controls the sampling process as 

well as the PTR-MS measurement for 
integrated and consistent data. Several 


-124 nm, energy range 1.13 eV to 1 keV) 

photons. All components are low tolerance, resulting in consistent 
current-to-voltage transfer characteristics with minimal offset volt- 
age. It is sold without the photodiode and +15-V power supply 
required for operation. 

McPherson 

For info: 978-256-4512 

www.mcphersoninc.com 
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preprogrammed sample treatment 

Is can be further optimized for specific 

y integrated, high-throughput system for 
ysis drastically reduces processing costs 


for larger batches of samples and provides high-quality data. 
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watch our webinars 


Learn about the latest breakthroughs, new 
technologies, and ground-breaking research 
in a variety of fields. Our expert speakers 
explain their quality research to you and 


microfluidics 


microscopy 


neuroscience 


proteomics answer questions submitted by live viewers. 
sequencing 
toxicology VIEW NOW! 


transcriptomics webinar.sciencemag.org 
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Are your 
exosomes telling 
you everything 
they know? 


Extracellular vesicles like exosomes can provide useful insights into 
cellular physiology and are a great source of circulating biomarkers. 
But are you getting all the information you can from them? 


Let the experts at System Biosciences (SBI) help with our 
start-to-finish exosome profiling services: 


Exo-NGS - Proteomics - Nanosight « Lipidomics 
Just send us your samples, we'll take care of the rest. 


Now offering new low pricing! Find out just how low—email us at 
services@systembio.com 


S SBI System Biosciences 
Harnessing innovation to drive discoveries 
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POSTDOCTORAL OPPORTUNITIES 


MASTER OF BIOMEDICAL INFORMATICS, 
HARVARD MEDICAL SCHOOL 

Program Description The program provides 
the intellectual framework for clinicians and bio- 
medical scientists in the systematic and sound 
use of quantitative methods to increase agility 
with such methods in their respective domains. 
The program includes an intensive, hands-on 
quantitative boot camp, a range of foundational 
courses, and courses in emerging areas such as 
precision medicine, data science, and data visual- 
ization. All students are expected to complete a 
capstone research project and to participate in a 
longitudinal seminar series. 

Who is this Program for? (1) Postdoctoral 
students who recognize the relevance of informat- 
ics to their research (2) MD’s who are interested 
in qualifying for the subspecialty in clinical in- 
formatics 3)Medical students who would like to 
take a research year during their training to ex- 
plore the importance of informatics in the prac- 
tice of medicine Contact information to learn 
more about the program, please visit our web- 
site and email us with any questions through our 
“Contact Us’ page: https: //informaticstraining. 
hms.harvard.edu/ 


Post-Doctoral Fellow, Research Technician, and 
Physician/Scientist Positions Available 
The Pathogenesis and Treatment of Microbial Sepsis 


RESEARCH POSITIONS are open at the Uni- 
versity of California, Santa Barbara for post-doctoral 
fellows, research technicians, and physician-scientists 
interested in studies of infectious disease and the com- 
plications of sepsis. The positions are with the la- 
boratories of Drs. Jamey Marth and Michael Mahan, 
and are focused upon how protein glycosylation and 
glycoprotein remodeling control the aging and turn- 
over of secreted proteins in modulating the coagulopathy 
and inflammation of microbial sepsis. Ideal candidates 
would have experience in infectious disease research, 
inflammatory biology, protein biochemistry, and pro- 
teomics. Training will be provided as necessary to in- 
clude glycan linkage analyses. The project will include 
both mouse models and human patients involving col- 
laborations between scientists and clinicians. Interested 
candidates should send their curriculum vitae and names 
of three personal references by email or regular mail to: 
Katelyn Jerlinga, 9625 MCDB, University of California, 
Santa Barbara, CA 93106-9625. E-mail: kjerlinga@ 
sbpdiscovery.org. 

University of California, Santa Barbara is an Equal Opportunity / 
Staff Affirmative Action Employer that values a diverse workforce. 


POSTDOCTORAL RESEARCH FELLOW 

The Center for Basic Research in Digestive Disease 
at the Mayo Clinic in Rochester, Minnesota - USA has 
positions available for a Postdoctoral Research Fellow 
within the Chris M. Carlos and Catharine Nicole Jockisch 
Carlos Endowment to Find a Cure for Primary Scleros- 
ing Cholangitis (PSC). Applicants should have an M.D., 
Ph.D., or equivalent degree with experience in cellular 
and molecular biology immunology. An appointment 
for two-three years is envisioned. Candidates’ work will 
focus on wet bench projects including in vitro, in vivo, 
and/or animal models with the goals of providing a 
better understanding of the pathogenesis of PSC and 
the identification of molecular targets that will lead to 
novel therapies for this disease. Applicants with ex- 
pertise in macrophage biology will be given particular 
consideration. Interested candidates should provide 
two letters of recommendation and an updated cur- 
riculum vitae/bibliography to Jennifer Rud at e-mail: 
rud.jennifer@mayo.edu. 
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Science 


A Career in big data is one of many alternative careers for postdocs 


Alternatives to 
professorships in 
academia 


If you’re a Ph.D. scientist who loves academia but doesn’t want 
to become a professor, don’t fret—there are plenty of diverse 
and challenging career paths to be pursued in institutions of 
higher learning that don’t require a faculty appointment. 

By Alaina G. Levine 


ike many Ph.D. scientists, Latanya Scott had made 
it her personal mission to help people through 
research. She envisioned a career as a faculty 
member to achieve this objective. 

Scott pivoted slightly, thinking that working in Big Pharma 
might be more in tune with her nature. She pursued a postdoc 
at the Moffitt Cancer Center in Tampa, Florida, in cancer 
drug discovery. Yet, “I felt | wasn’t realizing my purpose,” she 
says. “Bench science can be very rewarding when you have a 
breakthrough, but a lot of times, experiments fail. It made me 
question whether | was making enough of an impact toward 
our mission to prevent and cure cancer. | wanted to find a way 
to help as many [therapeutic] strategies and technologies as 
possible get to the patients.” Ultimately, she recognized that 
being a professor might not give her the opportunity to be 
as influential as she desired, so she started looking for other 
career avenues. 

One of Scott’s requirements for a new vocation was that she 
still had to be involved in the research enterprise in some man- 
ner. Bolstered by her principal investigator, she 
started exploring the profession of technology 
transfer. Informational interviews with staff in 
this field led to an internship in Moffitt’s Of- 
fice of Innovation and Industry Alliances, and 
ultimately a job offer as a licensing associate. 
Today, Scott continues to work toward her 
goal of advancing human health as the senior 
industry alliance development manager for 
the sprawling cancer research hospital. In the 
last 24 months, she has assisted in secur- 
ing more than $35 million in research funding 
for Moffitt scientists by helping forge basic 
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and translational research collaborations between clinicians, 
scientists, and industry. “Il see the extraordinary value these 
preclinical projects and resulting technologies offer now and in 
the future,” she says. “So | feel like | am helping make strides to 
finding cures someday. I’m playing a role in moving the science 
forward to benefit cancer patients everywhere.” 

Those with doctorates naturally first look to the professoriate 
as their career choice. After all, they've seemingly spent eons in 
academia, have gotten to know—and in many cases love—the 
culture, and have been mentored their entire career by faculty. 
But what many Ph.D.s may not realize is that becoming a 
professor is simply one of the paths available in the academy. 
Indeed, universities and similar research institutions provide a 
fertile foundation for crafting multiple career paths, and offer 
diverse opportunities. 


Catalyzing a new career 

So what are the different career paths a Ph.D. scientist can 
pursue in academia? An obvious first choice is to serve as a 
scientist or technical professional in university departments. 
These positions can be based in disciplinary departments, such 
as physics. Alternatively, as is the case in some large research 
universities, they can be based in their own divisions, where 
Ph.D.s can serve as in-house consultants who help to solve 
scientific and technical problems for researchers. 

As the use of big data becomes increasingly effective and 
popular, more universities are forming groups and subgroups 
that focus on big data problem solving, which in turn is spurring 
the creation of new employment opportunities for scientists 
with expertise in this arena. For example, Nick Cross, a staff 
scientist for the University of Edinburgh’s Institute for As- 
tronomy in the United Kingdom, develops software to process 
and archive imaging and other data from large 
astronomical surveys. 

Big data jobs are often uncovered accidentally 
through networking, as Jean Davidson discov- 
ered. With a doctorate in molecular and cell biol- 
ogy, she originally came to Stanford University to 
pursue a postdoc. When her appointment came 
to a close, a colleague rolled his chair over to her 
one day and suggested her for a data scientist 
job with the Stanford-based Data Coordination 
Center of the ENCODE (Encyclopedia of DNA EI- 
ements) Consortium, an international collabora- 
tion of research groups funded by the cont.> 
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broader overview and 
perspective in a lot of 
different fields now.” 
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“| love seeing all 


not just what | saw 


—Christina Papke 


National Human Genome Research Institute at the U.S. National 
Institutes of Health (NIH) in Bethesda, Maryland. 

“| wasn’t sure | was qualified, coming from a purely experi- 
mental biology background,” says Davidson, “but luckily this 
team was looking for a more science-focused person to join the 
team to inform the data questions.” Today, as a “data wrangler” 
(her official title), she collaborates with different labs around the 
country to “best capture and model the metadata of experi- 
ments, think about how the scientific community should access 
the data, and work to spread the utility and application of EN- 
CODE.” Knowledge gathering of this type involves developing 
databases, so she leverages skills in programming and knowl- 
edge of cloud-based computing, most of which she gained on 
the job. “This position is a great opportunity to stay in academic 
science, but in a different, nontenure track,” she says. 


Staying involved in research 

Scientists who aspire to fuel the research engine find that 
pursuing a job managing core facilities (essentially the lab 
equipment and instrumentation) of a university is a smooth 
ride. Core facilities can be university-wide, or can be housed 
in a specific department. While at first glance these positions 
may seem to be focused only on operations, they still satisfy 
the drive many core facility managers have to be involved in 
research. 

Ross Potter, laboratory manager in the department of physi- 
ology at Midwestern University in Glendale, Arizona, got his job 
because “they were interested in getting someone with an M.S. 
or a Ph.D. to build and expand the research program,” he notes. 
But once they got wind of his expertise—he had done postdocs 
in immunology and receptor signaling at Vanderbilt University 
and at the Mayo Clinic in Scottsdale, Arizona, respectively — 
“they changed the job description a bit and made the offer to 
me to expand the position to manage the research building.” 
Since his hiring in 2012, this dedicated health science univer- 
sity has increased its lab space and now has two research 
buildings, which Potter oversees. He manages all of the shared 
equipment, from confocal microscopes to freezers, and is re- 
sponsible for maintaining and developing policies for using the 
facilities. He also serves as a liaison between the research staff 
and faculty/administration. 

But like many core facility directors, Potter also has the 
chance to use the equipment to conduct research, a privilege 
also enjoyed by Ralph J. Garippa, director of the RNAi Core 
Facility at Memorial Sloan Kettering Cancer Center (MSKCC) in 
New York City. Garippa worked for over two decades in industry 
and was recruited by MSKCC to launch the core because of 


his expertise in high-throughput biological research techniques. 
He arrived in 2012 and now oversees a team of eight scientists 
(including two Ph.D.s and one M.D.) who support researchers 
with resources and tools related to RNA interference (RNAi) 
and CRISPR gene-editing technologies. Investigators engage 
his core facility with a research project in mind and a need to 
use equipment that is under his supervision, but “most of the 
time they want to compose the research with us and then have 
us do it, because we are experts in the assay development 
and automation-assisted techniques,” notes Garippa. “We are 
also experts in troubleshooting and fine-tuning this special- 
ized research.” In some instances, he also has the chance to 
present at conferences about not only the techniques utilized 
but the research itself. Additionally, “our core chooses to spend 
a minimum of 20 percent of our time working on new technolo- 
gies,” he adds, which allows him to tap into his innate curiosity 
even more. 

Grant management and writing and research develop- 
ment are other avenues that draw directly on doctorates and 
allow scientists to stay connected to the research enterprise. 
Christina Papke, Ph.D., a research development officer in the 
Research Development Services department at Texas A&M 
University (TAMU), revels in the fact that her job blends science 
with communications and strategic planning. She is able to 
dabble in the tasks she enjoys most, such as critiquing and 
editing NIH grant proposals, and providing training and related 
services on grant writing for TAMU investigators. Papke also 
facilitates the establishment of multidisciplinary research groups 
across the university, which contributes to TAMU’s strategic 
plan to advance its grant portfolio. “Our goal is to promote a 
high level of collaboration across disciplines and increase com- 
petitiveness for larger, [more] complex interdisciplinary grant 
opportunities,” she says. “I love seeing all kinds of science and 
not just what | saw at the bench. | get a broader overview and 
perspective in a lot of different fields now, and | really enjoy [the 
fact] that | still get to be involved with the research.” 


Keeping a toe in the professorial pool 

For scientists who consider it a necessity to remain associ- 
ated with the professoriate, there are several job paths that 
can be pursued in academia. You might not think a deanship is 
possible without a faculty appointment, but Lisa M. Kozlowski 
would argue otherwise. 

She’s the associate dean for student and postdoctoral affairs 
at Thomas Jefferson University in Philadelphia, Pennsylvania. 
Although she now has a joint appointment as a faculty member, 
she did not come into her deanship that way. Rather, she was 
hired for her knowledge of career development for early career 
scientists, which she honed as a leader in the postdoctoral 
association at her postdoc institution. It was only later that she 
renegotiated for a faculty post, something she advises others 
to do, preferably during the initial negotiations, for both the 
credence and benefits such as tenure. 

For Amy Replogle, science core facility technician at the 
University of Puget Sound in Tacoma, Washington, keeping 
her toe in the professorial pool takes the form of teaching lab 
classes occasionally. Similarly, Benjamin Porter’s staff title 
is Academic Program Officer Il, but he unofficially serves as 
the assistant head of the Department of Bioengineering at 
the University of Texas at Dallas. “I’m not faculty, but | help 
run the department,” he says. His portfolio of cont.> 
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“My fellowship was an amazing career catalyst. 
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Subhashree Mishra, Ph.D., 
Atmospheric Sciences Executive Branch Fellow at the 
Department of Energy 


Current: Program Director, NCAR & Facilities at the National Science Foundation 


Applications accepted May 1 - November 1. 


To learn more and apply visit go.stpf-aaas.org/Science2.html 
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FEATURED PARTICIPANTS 


Division of Research, Texas A&M 
University 


vpr.tamu.edu/researchdevelopment www.ncics.org 


Institute for Astronomy, The University 
of Edinburgh 
www.roe.ac.uk/ifa 


Midwestern University 
www.midwestern.edu 


Moffitt Cancer Center 
www.moffitt.org 


“The recognition | get now 
is from the people | work 
with, that they like to work 
here, and that’s recognition 
enough. You have to look for 
a different kind of reward.” 

— Benjamin Porter 


responsibilities ranges from hiring and supervising staff and 
helping the department with accreditation, to event manage- 
ment, outreach, and even some media relations. 


Leaning on research experience 

Even though they do not serve as professors, researchers 
who pursue other academic paths note that their intensive 
training—in grad school, postdoc appointments, and other 
experiences—prepares them uniquely for the challenges of 
their new positions. “I lean a lot on my previous experience 
as a cancer researcher to review research protocols, conduct 
risk assessments, and add my ‘oops, been there, done that!’ 
to the trainings,” says Sonia Godoy-Tundidor, assistant bio- 
safety coordinator at the University of Vermont in Burlington. 
“| always bring out real-life examples of things | or someone 
else did wrong from the biosafety point of view when | worked 
at the bench. This usually impacts people and gets the mes- 
sage across.” 

Furthermore, the fact that these researchers received a 
Ph.D. gives them a certain level of currency in the academic 
marketplace. “My Ph.D. gives me confidence in speaking with 
faculty,” says Papke. “[They know] I’ve done research, I’ve 
applied for grants. It does lend some credibility, especially 
since | was entering this [undertaking] without experience in 
this field.” 

However, a barrier still exists between faculty and nonfacul- 
ty at universities, as Paula Hennon, program manager for the 
North Carolina Institute for Climate Studies at North Carolina 
State University in Asheville, attests. As a Ph.D. atmospheric 
scientist (and an M.B.A.), “I’ve always had challenges being 
viewed as legitimate because | had a nonacademic plan,” 
she shares. “As the deputy director of the technical support 
unit for the National Climate Assessment, | finally stopped 
questioning ‘my worth’ and second-guessing my path. Sci- 
entists need an advocate, a guide through the administrative 
quagmire, and a voice. They should prepare to hold on for the 


North Carolina Institute for Climate 
Studies, North Carolina State University 


RNAi Core Facility, Memorial Sloan 
Kettering Cancer Center 
www.mskcc.org/research-advantage/ 
core-facilities/rnai-core 


Stanford University 
www.stanford.edu 


Thomas Jefferson University 
www.jefferson.edu/university 


The University of Texas at Dallas 
www.utdallas.edu 


University of Puget Sound 
www.pugetsound.edu 


The University of Vermont 
www.uvm.edu 


ride, as they will be the most misunderstood but potentially 
most valuable contributors to their scientific community or 
workplace.” 


Preparing for employment opportunities 

One especially important feature of these nonfaculty jobs 
is their reliance on a diversity of skills, from management and 
communications to budgeting and planning. Yes, profes- 
sors need to know how to write too, but unlike faculty, hiring 
decisions for nonfaculty academic posts are driven by the 
candidates’ business and technical abilities. 

So Kozlowski suggests that candidates should “get involved 
in things outside the lab, such as your institution’s grad stu- 
dent or postdoc associations, where you can gain leadership 
and organizational skills.” Porter helped launch the Washing- 
ton, DC chapter of the Society for Neuroscience, which gave 
him excellent preparation for his current job. 

Kozlowski also advises to do what you can to intimately 
learn the culture of academia—don’t just rely on your experi- 
ence in a lab in grad school. “As a member of the postdoctoral 
association at Johns Hopkins, one of the benefits | got was 
the ability to sit in on faculty senate meetings and hear about 
strategic plans for the coming years,” she says. In doing so, 
she “got a feeling for how universities work.” 


Passing on the Nobel Prize 

Ph.D. scientists in nonprofessorial positions are essential 
cogs in ensuring that universities remain successful and 
competitive. But that doesn’t mean some who choose these 
professions don’t mourn certain aspects that are tied to being 
a professor. “When you move out of research, you have to let 
go of the prestige of writing papers or getting the Nobel Prize, 
and that takes some getting used to,” says Porter. “The recog- 
nition | get now is from the people | work with, that they like to 
work here, and that’s recognition enough. You have to look for 
a different kind of reward.” 

Echoes Davidson: “You may feel you are giving up if you 
deviate from the [professorial] track, but there are still great 
careers out there [in academia] where you can be a scien- 
tist.... Although | miss being at the bench, | don’t work many 
weekends and | have a better work-life balance. | didn’t think 
I'd find a position like this that provided such balance and al- 
lowed me to contribute to science.” 


Alaina G. Levine is a freelance science writer based in Tucson, Arizona. 
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in Structural Biology of 
Complexes 

at EMBL Grenoble, France 
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The appointed Group Leader will be an ambitious structural biologist 
with an original multidisciplinary research programme oriented 
towards structure-function relationships of macromolecular 
complexes in eukaryotic systems. Current interests of Outstation 
groups are mainly focussed on protein-nucleic acid complexes 
involved in transcription, epigenetics, non-coding RNAs, RNA 
metabolism, RNA virus replication and host-pathogen interactions. 
He/she will benefit from the world-class environment offered by the 
inter-institutional Partnership for Structural Biology (EMBL, ESRF, 
ILL, IBS, www.psb-grenoble.fr) which gives access to state-of-the- 
art structural biology technologies including the ESRF synchrotron 
X-ray beamlines for MX and SAXS, cryo-EM (Polara/K2 at IBS, Titan 
Krios/K2 to be installed at the ESRF) as well as bacterial, insect and 
\5 mammalian cell expression facilities, biophysical platform, confocal 
microscopy and high-throughput crystallisation platforms for soluble 
and membrane proteins. 


Applicants should have a PhD, at least 3 years post-doctoral 
experience, a strong record of achievement in structural, molecular 
or cell biology and preferably research projects making use of both 
X-ray crystallography and electron microscopy. 


Download Free Career Further information about this position can be obtained from the 
Advice Booklets! Head of EMBL Grenoble, Stephen Cusack (cusack@embI.fr). See 


ScienceCareers.org/booklets alse comer 
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Please apply online through www.embl.org/jobs and include a cover 


Featured Topics: letter, CV and a concise description of research interests and future 
: research plans. Please also arrange for 3 letters of recommendation 
» Networking to be emailed directly by your referees to references@embl.de at 


= Industry or Academia the latest by 27 September 2016. 


= Job Searching Application closing date: 30 September 2016. Interviews are planned 


for end of October 2016. 
=» Non-Bench Careers 


A EMBL is an inclusive, equal opportunity employer offering attractive 
nd More me y : : : 

conditions and benefits appropriate to an international research 
organisation with a very collegial and family friendly working 
environment. The remuneration package comprise a competitive 
salary, a comprehensive pension scheme, medical, educational and 
other social benefits, as well as financial support for relocation and 
installation, including your family. EMBL is committed to achieving 
gender balance and strongly encourages applications from women. 
Appointment will be based on merit alone. Further details on Group 


1 Lead intment be found und .embl.org/gl_faq. 
Science Careers eader appointments can be found under www.embl.org/gl_faq 
FROM THE JOURNAL SCIENCE JPAVAAAS www.embl.org 


y Paths OneGoal. 


Pfizer Worldwide Research and Development Postdoctoral Program 


At Pfizer, postdocs are trained in the art and science of drug discovery, and work side-by-side 
with scientists who are expert in cutting-edge biology, disease mechanisms, drug delivery 
and mechanisms of action, and the engineering of novel therapeutic proteins, vaccines, 
and nucleic acids. Areas of scientific focus include cardiovascular and metabolic diseases, 
clinical research, comparative medicine, drug safety, biotherapeutics/protein engineering, 
inflammation and immunology, human exploratory biology, medicinal chemistry, 
neuroscience and pain, oncology, pharmacology, and vaccines, among several others. 


We recruit highly motivated Ph.D. recipients with an outstanding record of scientific 
productivity and a passion for ground-breaking, fast-paced research that facilitates 

the development of innovative therapies for human diseases. Our program promotes 
dissemination of research through publications and participation in scientific meetings, 
provides opportunities for collaboration with leading academic labs and industry consortia, 


Nominate them for 
The Origins Project 


Postdoc Lectureship Award 
This annual $10,000 international 


award, the largest of its kind in 
the world, will be given to an 
outstanding junior scholar chosen 
from any field of study relevant to 
the Origins Project mission. The 
winner will be hosted at ASU in 
Tempe, Arizona for one week, and 
will present 3 lectures on their 
research. In addition to the cash 
award, all travel and 
accommodation expenses will be 


and offers exceptional professional development training and networking opportunities. 


To explore our program and research, visit us online at: 
www.pfizercareers.com/student-programs/postdoc 


(Pfizey Working together for a healthier world” 


www.pfizercareers.com 


covered by the Origins Project. 


origins.asu.edu/postdocaward 
Nomination deadline Nov. 1, 2016 


PSU Origins .. 


ARIZONA STATE UNIVERSITY 


Our Next Breakthrough IS YOU 
Lawrence Postdoctoral Fellowship 
The Opportunity to Bring your Brightest Ideas to Life 


The Lawrence Livermore National Laboratory (LLNL) has openings 
available in the Lawrence Fellowship Program. This highly competitive 
fellowship offers the freedom to conduct independent, self-directed, 
cutting-edge research in an area of the candidate’s choice. Fellowships 
are awarded only to applicants with exceptional talent, credentials, 
leadership potential and track record of research accomplishments. 


Successful candidates must propose and subsequently perform original 
research in a scientific area that is relevant to the mission and goals 
of LLNL. Broad topic areas include: Physics, Applied Mathematics, 
Computer Science, Chemistry, Material Science, Engineering, 
Environmental Science, Atmospheric Science, Geology, Energy, Lasers 
and Biology. Lawrence Fellows may participate in experimental or 
theoretical work at LLNL and will have access to LLNL'’s extensive 
computing facilities and specialized laboratory facilities. The duration 
of the Fellowship is up to three years. The salary is $8,887/mo. 


Please refer to the following web page http://fellowship.IInI.gov for 
eligibility requirements and instructions on how to apply. When 
applying and prompted, please mention where you saw this ad. The 
deadline for applications is October 1, 2016. LLNL is operated by the 
Lawrence Livermore National Security, LLC for the U.S. Department 
of Energy, National Nuclear Security Administration. We are an equal 
opportunity employer with a commitment to workforce diversity. 


http://fellowship.!In|.gov 


NE Lawrence Livermore 
| National Laboratory 


Charitable Foundation 


The EGL Charitable Foundation 
invites you to apply to the 


Gruss Lipper Post-Doctoral 


Fellowship Program 
Eligibili 
e Israeli citizenship 


e Candidates must have completed PhD 
and/or MD/PhD degrees in the Biomedical 
Sciences at an accredited Israeli 
University/Medical School or be in their 
final year of study 


e Candidates must have been awarded a 
postdoctoral position in the U.S. host 
research institution. 


Details regarding the fellowship are available 
at www.eslcf.org 


NW210508R, 


- Y I, 4 ~, 
‘ame ik | 
D0 YOUR THE JACKSON LABORATORY 


The Jackson Laboratory is actively Opportunities are available to conduct 


recruiting highly qualified candidates for cutting-edge research in diverse areas 
postdoctoral associate positions. including aging, bioinformatics, cancer, 
A computational biology, development, 


ccelerate your career at a world-class 


research institution with a legacy of PPG eMe Hes Metab ete a, mninesOny, 
‘ . ; . . infectious diseases, neurobiology, 
innovation and discovery in genetic 

e : reproduction and systems genetics. 


and genomic research. 


. , = Join the search to discover tomorrow's cures. 
Apply online at www.jax.org/joinus. 


Creating links that last a lifetime 


at the International Centre for Fundamental Physics and its interfaces 
Ecole normale supérieure, Paris (ENS-ICFP) 
In 2016, the ENS-ICFP will hire four outstanding Junior Research Chairs at postdoctoral level for a two-year 
contract with a probable extension for a third year. Fellows are expected to develop new research projects 
within the Department of Physics at Ecole normale supérieure. 
What we offer : 
- Internationally competitive salary 
- Attractive research,funds and travel allowance 
- Access toa cutting-edge scientific environment 
- et integration i pe! the Department of Physics through scientific exchange and teaching at the 


Applicatic ff cis themes can be found at http://phys.ens.fr/ 
Deadline to apply: October 30, 2016 


Positic ns start in ‘September 2017" Li Ie 
One or two additic ore th in- real Physi will be made available by thé! pryppelMeyes 
—— iil il i - em ae! Te | ic rs) 


San The JRC positions are funded by the 10-year grant ENS-ICFP obtained through the 


= French National Excellence initiative 


PSL* UR-MC QD versie 


E RCH 
DIVERSITY 


online @sciencecareers.org 
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The National Academies of 
SCIENCES * ENGINEERING + MEDICINE 


NRC Research Associateship Programs 


Postdoctoral, Senior and Graduate Research Awards 
offered for research at 
U.S. federal laboratories 


* Postdoctoral stipend $45,000 to $80,000 - higher for senior researchers * 
* Relocation, professional travel, health insurance * 
¢ Open to U.S. and non-US. citizens * 


Annual application deadlines 
¢ February 1 * May 1 * August 1 * November 1 


Detailed program information can be found on the 
NRC Research Associateship Programs website at: 
www.nationalacademies.org/rap 


Contact: 


(202) 334-2760 or rap@nas.edu 


*Qualified applicants will be reviewed without regard to race, religion, 
color, age, sex or national origin 


Gi COLUMBIA UNIVERSITY 


College of Physicians 


and Surgeons 


Assistant Professor — Research Scholar 


Overlooking the Hudson River, the College of Physicians and Surgeons 
(P&S) is located two miles north of the Morningside Heights campus of 
Columbia University. P&S, along with the Mailman School of Public 
Health, the College of Dental Medicine, and the School of Nursing, 
comprise the 20-acre campus of the Columbia University Medical Center. 
With a budget of $1.5B, the College of Physicians and Surgeons employs 
more than 6,000 faculty and staff who provide world-class leadership in 
scientific research, medical education and patient care. 


The College of Physicians and Surgeons is seeking one or more outstanding 
scientists in the Biomedical Sciences for appointment as the inaugural 
College of Physicians and Surgeons Research Scholar. These assistant 
professor positions are limited to MD, PhD or MD-PhD researchers who 
have, in general, 4 years or less of postdoctoral fellowship and who have 
demonstrated exceptional ability, creativity and productivity as reflected in 
first or senior author publications in leading scientific journals. Applicants 
who do not meet these criteria should not apply. 


There is no limitation regarding the field of research and departmental 
affiliation will be decided after selection. Adequate start-up funds, space 
and mentorship will be provided. Priority will be given to applicants from 
outside Columbia University. 


Applicants should provide 3 letters of recommendation and a proposed 
plan for their work over the next five years with the application. Please 
direct applications to: Naomi Hornedo, Office of Research, College of 
Physicians and Surgeons, Columbia University. 


To apply: Please visit: https://academicjobs.columbia.edu/applicants/ 
Central? quickFind=62942 or search by requisition number 0006838. 


Columbia University is an 
Equal Opportunity/Affirmative Action Employer. 


UTSouthwestern 
Medical Center 


Postdoctoral Training in Gene Regulation 


Molecular Mechanisms, Computational Genomics, 
Mouse Genetic Models, Protein Structure, 
RNA Biology and Noncoding RNAs, Translational/Clinical 


Dr. W. Lee Kraus is currently seeking applicants with a Ph.D. degree for 
postdoctoral training in the Laboratory of Signaling and Gene Regulation 
within the Cecil H. and Ida Green Center for Reproductive Biology Sciences. 


The research in the Kraus lab covers a broad array of topics, including signaling, 
gene regulation, and genome function, especially in the areas of chromatin, 
transcription, epigenetics, RNA biology, and nuclear endpoints of cellular 
signaling pathways. We are interested in a wide variety of model systems 
and experimental approaches, including biochemistry, molecular biology, 
structural biology, animal models, genomics, proteomics, bioinformatics, and 
computational biology. 


Projects in the lab are focused on signal-regulated transcription in the chromatin 
environment of the nucleus, with a focus on the estrogen and nuclear NAD* 
signaling pathways, PARPs, and non-coding RNAs in mammalian biological 
systems (e.g., hormone signaling, inflammation, ES cell biology, adipogenesis, 
and metabolism). 


Candidates should submit a CV or resume, brief statement of interests and 
accomplishments, and a list of three references in one .pdf or .doc file by 
e-mail to lee.kraus@utsouthwestern.edu. Successful applicants will receive 
competitive pay and benefits commensurate with the applicant’s level of 
experience. 


UT Southwestern and the Green Center provide a dynamic, collaborative, and 
integrative research and training environment with state-of-the-art facilities. 
See: http://www.ncbi.nlm.nih.gov/pubmed/?term=kraus+wl 


UT Southwestern Medical Center is an Affirmative Action/Equal Opportunity 
Employer. Women, minorities, veterans and individuals with disabilities 
are encouraged to apply. 


WILL YOUR RESEARCH 
LEAD TO BETTER LIVES 


FOR PATIENTS? 


Science Translational Medicine 


INTEGRATING SCIENCE, ENGINEERING, AND MEDICINE 


MVAAAS 


Find out more about the scope of the journal and submit 
your research today. ScienceTranslationalMedicine.org 


D E Shaw Research 


Postdoctoral Fellowships in Computational Chemistry, Biology, and Physics 


D. E. Shaw Research is seeking postdoctoral fellows of exceptional ability to join our New York—based team. This is a unique opportunity 
to develop and work with transformative technology in a dynamic, interdisciplinary environment. Candidates should have expertise in 
computational, theoretical, or quantum chemistry, computational biophysics, structural biology, drug discovery, theoretical chemical 
physics, applied mathematics, or in a relevant area of computer science. 


Relevant areas of experience might include direct application of molecular dynamics or other computational methods to drug discovery, 
investigation of allosteric interactions or other functionally important conformational changes in biological molecules, structure prediction 
or design for proteins or RNA, study of protein-protein or protein-nucleic acid interactions, force field improvement through detailed 
comparisons of simulation data with NMR measurements or other experimental data, development and implementation of new methodology, 
such as integrators or efficient approximations of long-range forces, methods for enhanced sampling or free-energy calculations, or 
tools to efficiently analyze large simulation datasets. Specific knowledge of any of these areas is less critical, however, than outstanding 
intellectual ability, unusually strong research skills, and a history of innovation and accomplishment. We are committed to fostering a 
stimulating, rewarding, and flexible work environment, and we offer above-market compensation to candidates of truly exceptional ability. 


To submit an application, please email your CV to ScienceCareers@DEShawResearch.com. 


D. E. Shaw Research is an independent research group that is pursuing an ambitious, long-term strategy aimed at fundamentally transforming 
the process of drug discovery. We have developed a special-purpose supercomputer capable of executing molecular dynamics (MD) 
simulations orders of magnitude faster than was previously possible. Our current projects include investigations of proteins and other 
biomedically relevant macromolecules as well as the development of computational chemistry methods to enable more accurate and 


effective MD simulations. 


D. E. Shaw Research does not discriminate in employment matters on the basis of race, color, religion, gender, pregnancy, national 
origin, age, military service eligibility, veteran status, sexual orientation, marital status, disability, or any other protected class. 


Neuroscience Post- 
doctoral Programme 


Linkoping University is one of Sweden’s six large 
universities, currently enrolling 27,000 students. The 
Centre for Systems Neurobiology involves some 50 
independent research groups, from the Faculty of 
Medicine and the Faculty of Science and Engineering, 
as well as the University Hospital. 

The Centre for Systems Neurobiology is now seek- 
ing Postdoctoral Fellows (2+2 years) within several 
neuroscience research areas: Addiction, Animal Be- 
havior, Electrophysiology and Circuits, Neuroimaging, 


Research Group Leader Position 
at the Max Planck Institute for Biophysical Chemistry 


The Max Planck Institute for Biophysical Chemistry 
(G6ttingen, Germany) seeks exceptional applicants for 
a research group leader position. We expect applicants 
to have a PhD, at least two years of successful post- 
doctoral experience and a track record in an area of 
ongoing research at the institute. Selection criteria 
include excellence in scholarship, creativity and origi- 
nality in research. 


A detailed description of the position as well as details 
about the application are available at: 
www.mpibpc.mpg.de/en 


Applications should be received no later than Septem- 
ber 20, 2016. 


The Max Planck Society is an equal opportunity employer. 
All qualified applicants will receive consideration for 
employment without regard to national origin, sex, age 
or status as qualified individuals with disabilities. We 
strongly encourage applications from women. 


Neurodegeneration, Neuroendocrinology, Neurode- 
velopment, Pain, Psychiatry, and Sensory Systems. 


LINKOPING 
lu UNIVERSITY 


For more details regarding the Centre, the different research 
labs involved in the programme, and to submit a letter-of- 
intent please go to: liu.se/medfak/neuro. For information 
regarding the university and the region, please go to: 
liu.se/medfak, www.liu.se, www.eastsweden.com. 
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| Georgia nstituce 
(| Of Technology 


Tenure Track Faculty Position 
Georgia Institute of Technology 
School of Chemistry and Biochemistry 
Atlanta, GA 30332-0400 


THE GEORGIA INSTITUTE OF TECHNOLOGY, SCHOOL OF 
CHEMISTRY AND BIOCHEMISTRY seeks to fill one or more tenure- 
track faculty positions. Candidates from all areas will be considered, 
with opportunities for joint appointments in other departments of science 
and engineering to facilitate interdisciplinary research and scholarship. 
Exceptional candidates at all levels are encouraged to apply. 


Candidates for appointment at the assistant professor level should 
submit an application letter, curriculum vitae, summary of research 
plans, description of teaching interests and philosophy, and arrange 
for submission of three letters of reference. Candidates at advanced 
levels should submit an application letter, curriculum vitae, and a 
brief description of research plans (particularly if future plans differ 
significantly from past efforts). All materials and requests for information 
should be submitted electronically, as per the instructions found at: 


https://academicjobsonline.org/ajo/jobs/7626 


The application deadline is October 1, 2016 with application review 
continuing until the positions are filled. 


Georgia Tech is an Equal Education/Employment 
Opportunity Institution. 


TENURE-TRACK PROFESSOR 
Harvard University 
Faculty of Arts and Sciences 
Cambridge, MA 
Department of Chemistry and Chemical Biology 


Position Description: Candidates are invited to apply for an open field 
tenure-track assistant professorship in the Department of Chemistry and 
Chemical Biology at Harvard University. The appointment is expected 
to begin on July 1, 2017. The tenure-track professor will be responsible 
for teaching at the undergraduate and graduate levels. 


Basic Qualifications: Doctorate or terminal degree in chemistry or related 
discipline required by the time the appointment begins. 


Additional Qualifications: Outstanding research record and a strong 
commitment to undergraduate and graduate teaching. 


Special Instructions: Please submit the following materials through the 
ARIeS portal (http://academicpositions.harvard.edu/postings/7065). 
All applications and materials must be submitted no later than October 
15, 2016. 
. Cover letter 
. Curriculum Vitae, including list of publications 
. Select Full Publications 
. Teaching statement (describing teaching approach and philosophy) 
. Future research plans 
. Names and contact information of 3-5 references (three letters of 
recommendation are required, and the application is complete only 
when all three letters have been submitted) 


Contact Information: Helen Schwickrath, Search Administrator, 
Department of Chemistry and Chemical Biology, Harvard University, 
12 Oxford St., Cambridge, MA 02138, Phone: 617-496-8190; helen@ 
chemistry. harvard.edu 


Harvard is an Equal Opportunity Employer and all qualified 
applicants will receive consideration for employment without regard 
to race, color, religion, sex, national origin, disability status, protected 
veteran status, or any other characteristic protected by law. 


SCHOOL OF MEDICINE 
CASE WESTERN RESERVE 
UNIVERSITY 


Open Rank Protein Biophysics/Structural Biology 
Faculty Position 
Department of Physiology and Biophysics 


We invite outstanding individuals to apply for a faculty position at any rank in the 
area of Protein Biophysics and/or Structural Biology. Mid-career scientists with 
outstanding accomplishments at the level of Associate Professor or full Professor 
are especially encouraged to apply. We are particularly interested in applicants 
who are using interdisciplinary approaches to work on basic or translational 
aspects of human diseases. Visit our website at http://Biophysics.case.edu. 
The Department and School have excellent infrastructure, including x-ray 
crystallography, solution NMR spectroscopy, cryo EM and EPR spectroscopy. 
(see http://ccmsb.case.edu). 


Applicants for a position as Assistant Professor should have a Ph.D. and/or 
M.D. degree, 3-5 years postdoctoral experience, and a strong record of scholarly 
activity. Competitive candidates for Associate Professor should have a strong 
publication record and an international reputation. Competitive candidates for 
Professor should have achieved records of leadership in the profession and have 
a substantial record of scholarly publications. 


Applicants should submit a cover letter, a full Curriculum Vitae, including a 
record of prior/current funding, a brief description of their research, as well 
as the contact information for three professional references. Candidates at the 
Assistant Professor level should also submit a research plan. Please submit 
application materials with separate file attachments by email to: Dr. Walter 
F. Boron, Chair, Department of Physiology and Biophysics, Case Western 
Reserve University, BiophysicsSearch@case.edu 


In employment, as in education, Case Western Reserve University is 
committed to Equal Opportunity and Diversity. Women, veterans, members 
of underrepresented minority groups, and individuals with disabilities are 
encouraged to apply. Case Western Reserve University provides reasonable 
accommodations to applicants with disabilities. Applicants requiring a 
reasonable accommodation for any part of the application and hiring process 
should contact the Office of Inclusion, Diversity and Equal Opportunity at 
216-368-8877 to request a reasonable accommodation. Determinations as to 
granting reasonable accommodations for any applicant will be made 
on a case-by-case 


Yale University 
School of Medicine 


FACULTY POSITION AT THE ASSISTANT 
PROFESSOR LEVEL 


DEPARTMENT OF CELLULAR AND 
MOLECULAR PHYSIOLOGY 


The Department of Cellular and Molecular Physiology is 
conducting a search for new faculty members at the assistant 
professor level. 


The search seeks candidates whose research connects the 
properties of molecules to the properties of physiological 
systems. 


Excellent opportunities are available for collaborative research, 
as well as for graduate and medical student teaching. Candidates 
must hold a Ph.D., M.D., or equivalent degree. Applicants 
should include a curriculum vitae, a statement of research 
interests and goals, and should arrange to have three letters of 
reference sent. Applicants should apply at the following website: 
apply.interfolio.com/36676 


Application Deadline: October 14, 2016 


Yale University is an Affirmative Action/Equal Opportunity 
Employer and welcomes applications from women, persons 
with disabilities, covered veterans, and members of 
minority groups. 


Assistant Professor 
(Tenure Track) of Ecology 
and Evolution in Forest 
Ecosystems 


+> The Department of Environmental Systems 
Science (www.usys.ethz.ch) at ETH Zurich invites 


applications for the above-mentioned position. 


+> The assistant professor develops and leads an 
internationally recognized research programme in 
“Ecology and Evolution in Forest Ecosystems” and 
is expected to integrate into research activities 

in related fields at ETH Zurich. He or she will use 
any relevant experimental, comparative and/or 
theoretical approaches to explore ecological and/ 
or evolutionary processes that affect the compo- 
sition, diversity, structure, dynamics and function 
of forest communities. The search is not limited 
to plant-based research, hence scientists working 


with non-plant forest components are encouraged 


to apply. 


+> The new professor will teach in the Master of 
Environmental Sciences programme, offering sub- 
jects in Forest and Landscape Management that 
are also relevant to Ecology and Evolution. Under- 
graduate level courses are taught in German or 


English and graduate level courses in English. 


> Assistant professorships have been established 
to promote the careers of younger scientists. 
ETH Zurich implements a tenure track system 


equivalent to other top international universities. 
> Please apply online at www.facultyaffairs.ethz.ch 


> Applications should include a curriculum 
vitae, a list of publications, a statement of future 
research and teaching interests, the names and 
contact details of three referees, and three of 
your most important achievements. The letter of 
application should be addressed to the President 
of ETH Zurich, Prof. Dr. Lino Guzzella. The closing 
date for applications is 31 October 2016. 

ETH Zurich is an equal opportunity and family 
friendly employer and is further responsive to 
the needs of dual career couples. We specifically 


encourage women to apply. 
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Opportunity 
awaits. 
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FACULTY POSITIONS AT 
THE ROCKEFELLER UNIVERSITY 


The Rockefeller University seeks exceptional, interactive, and creative 
scientists to join its faculty. We invite applications from outstanding 
candidates for tenure-track positions. 


The University has a laboratory-based organizational structure that 
fosters interdisciplinary research. We encourage applications in the 
following areas: 


¢ Chemical & Structural ¢ Molecular & Cell Biology 
Biology e Neurosciences & Behavior 
¢ Genetics & Genomics ¢ Organismal Biology & 
¢ Immunology, Virology & Evolution 
Microbiology e Physical, Mathematical & 
¢ Medical Sciences, Computational Biology 
Systems Physiology & ¢ Stem Cells, Development, 
Human Genetics Regeneration & Aging 
The Rockefeller University provides strong support for the research 
work of its faculty, including competitive salary, a range of work- 
life employee benefits, start-up funds, renovated laboratory space 
and access to state of the art core facilities. There are extensive 


opportunities for collaboration both within the University and with 
neighboring institutions. 


Visit http://www.rockefeller.edu/facultysearch to submit your 
application online and view further information about the positions. 


Application deadline is 
September 30, 2016. 


If you have any questions regarding your 
= application, please contact our Administrator at 
facultysearch@rockefeller.edu. 


fe The Rockefeller University is an Equal Opportunity 
Employer that values diversity at all levels - 
Minorities/)(Women/Disabled/Veterans. 


Keep your job search 
out of the cheap seats. 


@ Search thousands of job postings 

@ Create job alerts based on your criteria 

@ Get career advice from our Career Forum experts 

@ Download career advice articles and webinars 

@ Complete an individual development plan at “mylDP” 

Target your job search 

using relevant resources Careers 
on ScienceCareers.org. FROM THE JOURNAL SCIENCE PAVAAAS 


September 16 issue 
book by August 30* 


October 7 issue book 
by September 20* 


There’s only one Science. 


Hiring Faculty? Whatever your timing, we’ve got 
two special features for your faculty ads this fall! 
The September 16 feature offers advice on how 
to develop skills for reviewing grants and papers. 
The October 7 feature covers business principles 
for researchers. Reach Science readers and share 
opportunities at your university. 


= Relevant ads lead off these career sections with 
a special Faculty banner 


" October 7 issue will be distributed at the 
American Society of Human Genetics meeting, 
18-22 October, Vancouver. 


*Ads accepted until Sept 9 and Sept 30 if space allows. 


Produced by the until Science/AAAS 
Custom Publishing Office. 


Sx “ience 
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FROM THE JOURNAL SCIENCE PNAAAS 


SCIENCECAREERS.ORG 


To book your ad: advertise@sciencecareers.org 


The Americas Japan 
202 326 6582 +81 3 3219 5777 
Europe/RoW China/Korea/Singapore/Taiwan 


+44 (0) 1223 326500 +86 186 0082 9345 


MEDICAL SCHOOL 


UNIVERSITY OF MICHIGAN 


Faculty Director, Bioinformatics Core 
Biomedical Research Core Facilities & Department 
of Computational Medicine and Bioinformatics 


The University of Michigan Medical School (UMMS) Biomedical 
Research Core Facilities (BRCF) and the Department of Computational 
Medicine and Bioinformatics (DCM&B) are seeking a Faculty Director 
for its well-established Bioinformatics Core. The Core’s central mission 
is to provide bioinformatics support to investigators in the basic and 
clinical departments of UMMS and in other schools or colleges. The 
Core represents a vital connection between basic and translational 
research at the U-M. 


The current focus of the Core is to develop and implement computational 
services to analyze high dimensional biological research data. Major 
Core functions include study consultation; genomics, multi-omics, and 
bioinformatics analysis; data storage and organization; data analysis and 
visualization; delivery of results, and performing related educational 
activities. 


The Faculty Director will be appointed as a tenure-track or tenured 
instructional-track faculty in DCM&B. As a faculty member in DCMB, 
the Director will maintain an independently funded research program 
that contributes to the growth of high-throughput molecular data analysis. 
We believe that such active research is essential for maintaining the 
Core’s long-term vision, ensuring close connection with cutting-edge 
methodological development, and upholding scientific rigor for all 
studies under Core support. 


The Faculty Director is expected to create a strategy to initiate, 
optimize, and expand services needed by the researchers, both routine 
and custom. Supported by strong administrative staff of the BRCF, the 
Director will lead a team of professional bioinformaticians, developers, 
analysts, and IT specialists, to create and constantly update a robust 
service portfolio, which includes management and analysis of data from 
microarray, DNA and RNA sequencing, qRT-PCR, ChIP-seq, ATAC-seq 
and related epigenomic analyses. Such data are typically produced at 
the U-M DNA Sequencing Core. The Core will also engage with other 
units in BRCF to integratively analyze metabolomics, genome editing, 
microbiome, metagenomics, epigenomics and proteomics data. Extensive 
computational resources and database infrastructure are already in place. 


Requirements: 

* Established faculty record of publication and extramural funding. 

* PhD in bioinformatics, biostatistics, epidemiology, computer science, 
engineering, or related field. Applicants with a biology or medicine 
background but extensive subsequent training in data-intensive 
quantitative research also qualify. 

* Postdoctoral experience in statistical analysis of complex ‘omics data, 
preferably in a biomedical research environment. Prior experience in 
multi-disciplinary collaboration or managing Core support is a plus. 

* Demonstrated abilities in research, including technical knowledge, 
broad understanding of genomic application areas, and evidence of 
creativity and scientific vision. 

« Extensive experience with high-throughput genomics data, including 
computing experience in a Unix/Linux environment; programming 
proficiency. 

* Ability to communicate clearly, directly, and tactfully with faculty 
and staff in diverse fields. 

* Organizational skills, especially in a multi-tasking environment. 

¢« Demonstrated leadership experience with proven personnel and 
financial management. 


Please send a letter of interest with Curriculum Vitae, statement of 
research interests, and contact information of three or more references 
to: Search Committee, Department of Computational Medicine and 
Bioinformatics. Job Code 300, The University of Michigan, 2017 
Palmer Commons, 100 Washtenaw Ave, Ann Arbor, MI. 48109- 
2218, email: cembrecruit@umich.edu. Applications will be reviewed 
September 2016 until the position is filled. 


http://www.ccmb.med.umich.edu; https://medicine.umich.edu/ 
medschool/research/office-research/biomedical-research-core-facilities/ 
bioinformatics 


MEDICAL SCHOOL 


UNIVERSITY OF MICHIGAN 


Department of 
Computational Medicine and Bioinformatics 
Tenure-track positions (all ranks) 


The Department of Computational Medicine and Bioinformatics 
(DCM&B) at the University of Michigan Medical School seeks 
outstanding applicants for tenure-track and tenured faculty positions 
in computational medicine and bioinformatics. DCM&B (http:// 
www.ccmb.med.umich.edu/) has 13 primary, 13 joint, and 80 affiliate 
faculty, and is closely associated with the Michigan Institute for 
Data Science (MIDAS.umich.edu) as well as many basic science 
and clinical units and departments across the medical school 
and the university. DCM&B hosts the Bioinformatics Graduate 
Program which has ~60 PhD and >20 Master students, with 58 
PhD alumni. DCM&B hosts NIGMS bioinformatics and NCI 
proteome informatics pre-doctoral T32 training grants. We have 
active national outreach for minority candidates, in partnership 
with the NIH Research Centers for Minority Institutions (RCMI) 
program. DCM&B has grown rapidly in both faculty publications 
and sponsored research, with >six-fold increase in grant funding in 
the past three years. 


We are currently recruiting 1 senior and 3 junior to mid-career faculty 
members to establish independent research programs that address 
emerging challenges in analyzing large, complex datasets. Innovative 
researchers in the areas of bioinformatics, computational biology, 
and advanced methodological development as applied to biomedical 
research are encouraged to apply. Several areas of programmatic 
interest will receive special consideration: 
* Cancer bioinformatics 
¢ Translational bioinformatics as applied to studies of complex 
diseases 
* Biomedical data science methodology, including, but not 
limited to, natural language processing, machine learning, and 
visualization. 


Joint appointments may be considered with the Michigan Institute 
for Data Science (MIDAS), the Comprehensive Cancer Center, 
departments of Human Genetics, Learning Health Sciences, 
Biomedical Engineering, partnering clinical departments, Computer 
Science; Schools of Information and Public Health; and other 
appropriate units. There are extensive computational resources and 
data science infrastructure available. Opportunities exist for faculty 
leadership roles to influence institutional priorities in clinical and 
biomedical informatics. 


Successful candidates will have a PhD and/or MD degree, or 
equivalent, with post-doctoral training, in areas such as (but not 
limited to) biomedical data mining and machine learning; multi- 
scale integrative omics analysis; systems biology; natural language 
processing and ontologies applied to biomedicine; informatics 
related to healthcare delivery and clinical decision support; precision 
medicine and pharmacogenomics. Publications, funding record, a 
detailed research plan, collaborative experience, and demonstrated 
interest in graduate and post-doctoral education will be essential 
components of the application. 


Applicants should send a letter of interest with Curriculum Vitae, 
Research Plan, and a list of three or more references with current 
contact information to: Search Committee, Department of 
Computational Medicine and Bioinformatics, Job Code 200. The 
University of Michigan, 2017 Palmer Commons, 100 Washtenaw 
Ave, Ann Arbor, MI. 48109-2218, email: ccmbrecruit@umich. 
edu. Applications are accepted in September 2016 — May 2017. 


Ann Arbor has a remarkable cultural and living environment. 
The University of Michigan is responsive to the needs of dual- 
career families, and is an Equal Opportunity Affirmative Action 
Employer committed to a diverse and inclusive faculty, staff and 
student body. 
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POSITIONS OPEN 
ASSISTANT PROFESSORS 


The Department of Chemistry and Biochemistry at 
the University of Oregon invites applications for either 
a tenure-track Biochemistry faculty or a tenure-track 
Chemical Biology faculty member, at the Assistant Pro- 
fessor level to begin in Fall 2017 or later. A Ph.D. is 
required. 

ASSISTANT PROFESSOR - Biochemistry Biochem- 
istry research at the University of Oregon takes place in 
context of the Institute of Molecular Biology (http:// 
molbio.uoregon.edu) which promotes interdisciplinary 
interactions between life science researchers in the de- 
partments of Chemistry and Biochemistry, Biology and 
Physics. We seek applicants from all areas of molecular 
biology who are using advanced approaches to study 
mechanisms of cellular function, including topics in 
RNA and protein biochemistry. New faculty will join a 
rich and collaborative atmosphere with existing strengths 
in host-pathogen interactions, stem cell biology, or- 
ganelle biogenesis, genome function, and cytoskeleton 
biochemistry. 

ASSISTANT PROFESSOR - Chemical Biology 
We seek applicants with research interests focusing on 
the development and/or use of chemical tools and ap- 
proaches to address fundamental questions in biol- 
ogy and medicine. Applicants are encouraged who are 
working in all areas of chemical biology, particularly in 
applications of synthetic chemistry to topics such as 
bio(in)organic chemistry, bioorthogonal chemistry, mo- 
lecular sensing, metals in medicine, synthetic biology, VA 
directed evolution, and imaging. New faculty will join 
a rich and collaborative atmosphere between chemists, 
biologists, and physicists including interdisciplinary 
opportunities with the Institute of Molecular Biology 
(website: http://molbio.uoregon.edu) and the Mate- 
rials Science Institute (website: http://materialscience. 
uoregon.edu), and complement strengths in organic 
synthesis, materials chemistry, and bio(in)organic chem- 
istry within the department. 

Successful candidates will have the potential for es- 
tablishing an outstanding independent research pro- 
gram and excellence in teaching at the undergraduate 
and graduate levels. They will also support and enhance 
a diverse learning and working environment. 

To assure full consideration, application materials 
should be received by October 10, 2016. Please apply 
at website: https: // academicjobsonline. org/ajo/jobs/ 
7667 and upload a cover letter specifying your area of 
interest, Biochemistry or Chemical Biology, curriculum 
vitae, a statement of research plans and objectives, and 
a brief statement of teaching philosophy or interests. 
The candidate should also arrange for three letters of 
recommendation to be uploaded directly by the recom- 
menders. Review of application materials will continue 
until the position is filled. 

Of note, the University of Oregon Department of 
Chemistry and Biochemistry i is also currently searching 
for faculty candidates in Physical Chemistry (website: 
http: //chemistry.uoregon.edu). 

The University of Oregon is an Equal Opportunity, Affirma- 
tive Action Institution committed to cultural diversity and com- 
pliance with the ADA. The University encourages all qualified 
individuals to apply, and does not discriminate on the basis of any 
protected status, including veteran and disability status. 


ASSISTANT PROFESSOR 


Hope College seeks applications for a TENURE- 
TRACK POSITION in Developmental Biology at the 
Assistant Professor level to begin August 2017. The 
successful candidate will have a Ph.D. and be expected 
to develop a vigorous, externally funded research program 
with active participation by undergraduate students. Hope 
College offers a competitive salary/benefit package, in 
addition to excellent start-up support. Please visit website: 
www.hope.edu/employment/faculty for a full job descrip- 
tion and to apply. Applications received by October 1, 
2016 will be assured full consideration. 
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POSITIONS OPEN 


PHYSICAL CHEMISTRY FACULTY POSITION 


UNIVERSITY OF OREGON Physical Chemistry 
Faculty Position. The Department of Chemistry and 
Biochemistry (website: http://chemistry.uoregon.edu) 
invites applications for a tenure-related position in ex- 
perimental physical chemistry (broadly defined) be- 
ginning Fall 2017 at the anticipated rank of assistant 
professor. Exceptional candidates in theoretical chem- 
istry or at advanced ranks may also be considered. A PhD 
is required and postdoctoral experience is preferred. 

The potential for establishing a vigorous indepen- 
dent research program in physical chemistry and active 
participation and excellence in teaching at the under- 
graduate and graduate levels will be the most important 
criteria for selection. Candidates will also be evaluated 
on their ability to complement the existing physical chem- 
istry program at the University of Oregon. Candidates 
who promote and enhance diversity are ‘strongly desired. 
In addition to membership in the Department of Chem- 
istry and Biochemistry, the successful candidate will have 
the opportunity to pursue research in a variety of inter- 
disciplinary institutes (see website: http://chemistry. 
uoregon.edu/research.html?institutes). 

To ensure consideration, please submit application 
materials by October 15, 2016 at website: https:// 
academicjobsonline.org/ajo/jobs/7663 and upload 
a curriculum vitae, a statement of research plans and 
objectives (maximum 10 pages), and a brief statement 
of teaching philosophy or interests (1-2 pages). The 
candidate should also arrange for three letters of re- 
commendation to be submitted directly by the recom- 
menders via the preceding URL link. The position will 
remain open until filled. 

The University of Oregon is an Equal Opportunity, Affirmative 
Action Institution committed to cultural diversity and compliance 
with the ADA. The University encourages all qualified individuals 
to apply, and does not discriminate on the basis of any protected 
status, including veteran and disability status. 


CHEMICAL BIOLOGY FACULTY POSITION 
Boston College Chemistry Department 


The Chemistry Department of Boston College invites 
applications for a tenure track position to be effective in 
the fall of 2017. Applicants will be evaluated based on 
their potential to establish a prominent and well-funded 
research program and to excel in teaching at the graduate 
and undergraduate levels. Successful applicants will join 
a department of approximately 120 doctoral students, 
30 postdoctoral fellows, 200 undergraduate majors, and 
an internationally recognized faculty. 

Assistant Professor in the area of Chemical Biology 
requires a Ph.D. in Chemistry or related areas; post- 
doctoral experience is desirable but not required. The 
candidate is expected to have published in top refereed 
journals and demonstrated the ability to perform 
outstanding independent research. 

Interested applicants must submit a cover letter 
(which includes the names of three references), a graphical 
executive summary of research plans (one page), curric- 
ulum vitae, a summary of research plans (eight pages 
maximum), a statement of teaching philosophy and 
arrange to have three letters of reference submitted 
via the online faculty application at website: http:// 
apply.interfolio.com/30499. 

All application materials must be submitted electron- 
ically on or prior to October 15, 2016. 

Boston College, a university of eight schools and colleges, is an 
Equal Opportunity Employer and supports Affirmative Action. 
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POSITIONS OPEN 


ASSISTANT PROFESSOR OF CHEMISTRY 
OR BIOCHEMISTRY 
CALIFORNIA STATE UNIVERSITY EAST BAY 

The California State University, East Bay (CSUEB) 
Department of Chemistry and Biochemistry invites 
applications for a tenure track Assistant Professor po- 
sition in any area of chemistry, including biochemistry 
(#17-18 CHEM-CHEMISTRY-TT). The successful 
candidate must have solid training in chemistry and a 
strong commitment to teaching. Applicants are expected 
to establish an externally funded research program ap- 
propriate for undergraduate and M.S. students pursu- 
ing a chemistry or biochemistry curriculum. Teaching 
responsibilities will include General Chemistry, both 
lecture and laboratory, and additional courses at the 
undergraduate and graduate level in the applicant’s 
area of expertise. A Ph.D. is required; postdoctoral re- 
search and teaching experience in chemistry or bio- 
chemistry are preferred. Applications should include a 
letter of interest which addresses qualifications, a cur- 
rent curriculum vitae, a one-page statement of teaching 
philosophy, a brief research plan no longer than three 
pages, and scanned copies of undergraduate and graduate 
transcripts. Materials should be submitted electronically 
at website: https: //apply.interfolio.com/35591. Three 
letters of recommendation are required and should be 
submitted electronically. Letters can be requested as 
instructed on the application website (+Add File under 
Confidential Letter). Review of applications will begin 
October 10, 2016 and continue until the position is 
filled. The start date is September 1, 2017. CSUEB, an 
Equal Opportunity Employer, is conunitted to the principles of diversity 
in employment. 


PRINCETON UNIVERSITY 
DEPARTMENT OF CHEMISTRY 
ASSISTANT PROFESSOR 


The Department of Chemistry at Princeton Uni- 
versity invites applications for a TENURE-TRACK 
ASSISTANT PROFESSOR position in all areas of 
chemistry. We seek a faculty member who will create a 
climate that embraces excellence and diversity with a 
strong commitment to research and teaching that will 
enhance the work of the department and attract and 
retain a diverse student body. We strongly encourage 
applications from members of all underrepresented 
groups. Candidates are expected to have completed 
the Ph.D. in chemistry or a related field at the time of 
appointment. Applicants should submit a description 
of research interests, curriculum vitae, a list of publica- 
tions, and contact information for three referees online at 
website jobs.princeton.edu/applicants /Central? 
quickFind=67134. The deadline for applications is 
October 15, 2015. Princeton University is an Equal Oppor- 
tunity Employer. All qualified applicants will receive consideration 


for employment without regard to race, color, religion, sex, national origin, 


disability status, protected veteran status, or any other characteristic 
protected by law. This position is subject to the University’ s background 
check policy. 


Post your jobs 
Fast and Easy 


ScienceCareers 


employers.sciencecareers.org 


sciencecareers.org SCIENCE 


2016 Annual 
Top Employers in 
Biotech & Pharma 


Special Career Feature: Saf 
October 28,2016 G_ 


Reserve your ad by October 11 
to guarantee space. 


Ads accepted until October 21 
if space is still available. 


For recruitment in science, 


there’s only one Science 


WHOIS NO. 1 THIS YEAR? 


Science publishes the results of 

its 15th annual Top Employers 
Survey on October 28. Science has a 
long history of providing a forum for 
scientists to express their opinions 
about the biotech and pharma 
industry. 


Recruit or brand your organization 
and reach both ACTIVE and PASSIVE 


job seekers. 


Start building your pipeline 
today with Science. 


SClence 


SCIENCECAREERS.ORG 


Science Careers 


FROM THE JOURNAL SCIENCE [AVAAAS 


To book your ad: 
advertise@sciencecareers.org 


The Americas 
202-326-6582 
Japan 
+81-3-3219-5777 
Europe/RoW 

+44 (0) 1223-326500 


China/Korea/Singapore/Taiwan 
+86-186-0082-9345 


WASHINGTON STATE 
Gg UNIVERSITY 
\ 4 


Plant Community Ecology -- Assistant Professor 
School of Biological Sciences, College of Arts and Sciences 


The School of Biological Sciences at Washington State University, Pullman, Washington, invites 
applications for a full-time, permanent, tenure-track faculty position in plant community ecology. 
This position is to be filled at the Assistant Professor level and will begin in August of 2017. 


Candidates should have research experience in plant community ecology. Areas of interest include, but 
are not limited to, the distribution and abundance of plants, species interactions, and/or the stability 
and assembly of biological communities. The ideal candidate will combine traditional and cutting 
edge approaches that shed light on ecological processes. Candidates with sophisticated quantitative 
skills and the ability to bridge both small and large spatial scales are especially encouraged to apply. 
Candidate research programs should consider pressing contemporary and future issues, with the 
potential to inform our understanding of local and global responses to global change. 


Required qualifications include an earned doctorate at time of application, a record of research 
accomplishment in plant community ecology, evidence of a commitment to teaching excellence 
including the ability to teach undergraduate and graduate courses such as community ecology, effective 
communication skills, and demonstrated ability to collaborate with other scientists. Successful 
candidates will be expected to develop and maintain an active research program supported by 
extramural funding, train graduate and undergraduate students in research, participate in graduate 
and undergraduate teaching, participate in service needs, and advance our commitment to diversity 
and multiculturalism. 


To apply, visit www.wsujobs.com to upload application materials. Applications must include a cover 
letter that addresses qualifications, a curriculum vitae, separate teaching and research statements, and 
up to three selected reprints of published or in press papers. Three (3) letters of recommendation that 
address the applicant’s history of and potential for research, teaching, and communication excellence 
are required. The reference letters will be automatically requested and obtained from the reference 
provider through our online application system. Review of applications begins October 24, 2016. 


For information on the position or the status of your application, candidates may contact Dr. Jeremiah 
W. Busch at jwbusch@wsu.edu. Full notice of vacancy can be viewed at https://www.wsujobs.com 
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MEDICAL SCHOOL 


UNIVERSITY OF MICHIGAN 


Faculty Positions in Cancer Pharmacology 
Department of Pharmacology 


The Department of Pharmacology at the University of Michigan Medical School is seeking applications 
for tenured/tenure-track positions at the ASSISTANT, ASSOCIATE or PROFESSOR level. We 
are seeking outstanding individuals with research experience and interests in cancer pharmacology, 
oncology therapeutics, and precision medicine in oncology. Qualifications include a Ph.D. in 
Pharmacology or a related discipline and/or a M.D. degree, and for those applying above the level 
of Assistant Professor, a strong record of nationally competitive external funding, a sustained record 
of excellent research productivity, and an outstanding national reputation in their field. Physician- 
Scientists are encouraged to apply, as joint appointments are available with clinical departments 
and the University of Michigan Comprehensive Cancer Center. Applicants will be expected to 
maintain extramural funding, participate in the teaching of medical, graduate, and undergraduate 
courses, and to support and mentor graduate students and postdoctoral fellows. An attractive startup 
package including excellent laboratory space and generous startup funds is available. Salary will be 
commensurate with experience. 


The successful candidates will join a dynamic, diverse, and collaborative department with new 
leadership in a Top 10 Medical School in a university setting with superb opportunities for continuing 
career development. The quality of life in Ann Arbor is outstanding. The combination of a large, 
major research university with a diverse, safe, family-oriented community make Ann Arbor an ideal 
environment for work-life balance. Ann Arbor offers an outstanding combination of sports, recreation, 
and cultural events. 


Applicants should send their curriculum vitae, a three-page summary of their research program 
and future research plans, and information related to past and current teaching experience 
as a single PDF file to jdani@umich.edu. Address all correspondence to: Dr. John Traynor 
Chair, Pharmacology Faculty Search Committee, Department of Pharmacology, The University 
of Michigan Medical School, 1150 West Medical Center Dr., 2301 MSRB III, Ann Arbor, MI 
48109-5632. Review of applications will begin on October 1, 2016, and will continue on a rolling 
basis until positions are filled. 


The University of Michigan is an Affirmative Action/Equal Opportunity Employer. Applications 
from qualified women, minorities and/or disabled individuals are encouraged. 


online @sciencecareers.org 


Science Careers 


WORKING LIFE 


By Amit Kumar 


954 


Adaptability in life and work 


hen I first arrived in Belgium to begin my Ph.D. studies, I wasn’t sure how I would survive 
without my friends and family back in northern India. I had chosen to pursue my doctoral 
studies at Ghent University because of its unique biological engineering program, but I ex- 
pected that living in a new country would be challenging. I was right. I had a hard time eating 
the unfamiliar food (on several occasions I didn’t eat at all) and often struggled to overcome 
everyday obstacles, such as navigating public transportation and interacting with salespeople. 


What I hadn’t realized was how 
hard it would be on me emotion- 
ally. I felt extremely out of place 
and isolated. I was hesitant to ex- 
plore anything unfamiliar, nervous 
that my ignorance of local norms 
would lead to embarrassment. A 
few times I reluctantly went danc- 
ing with friends, but I stuck to the 
sidelines because I didn’t know 
how to salsa, cha-cha, or do any 
of the other dances everyone else 
seemed to know. For the most part, 
I did only what I had to do: I found 
a place to live and got started on 
my research project. 

I felt discouraged at work, too. 


At first, I didn’t think about how 
this change in perspective might 
affect my work, but now I realize 
that many of the qualities I de- 
veloped to deal with being in an 
unfamiliar culture—an openness 
to learning new things, an ability 
to appreciate and communicate 
with people from different back- 
grounds, and a greater comfort 
with uncertainty and change— 
have also aided my research career. 
Over the course of my training, I 
have followed my intellectual cu- 
riosity from environmental engi- 
neering to biological engineering 
to chemistry to applied micro- 


I wanted to be productive, but my “Being man biology to chemical engineering. 
personal struggles and the typi- unfamiliar culture _ aided I think I would have had a hard 
cal challenges of starting gradu- 3 time successfully crossing these 
ate school got in the way. I now my resear ch career. scientific borders if I hadn’t had 


realize that I was trying to rush 

things, but at the time, my lack of research progress made 
me feel even more discouraged about my decision to go 
to grad school abroad. Several times I felt like giving 
up and flying home. 

But slowly, as I became friends with fellow graduate stu- 
dents from around the world, my outlook began to change. 
I saw how my friends from Italy and Spain threw them- 
selves into the new culture without fear—happy to try new 
foods, learn about unfamiliar customs, and laugh and be 
laughed at. As I saw my friends take risks, I decided to take 
the leap and adopt their mindset. The next time we went 
dancing, I got out on the floor—even though I knew I would 
get some of the steps wrong—and I had a great time. 

As my newfound confidence grew, I began to push fur- 
ther outside my comfort zone. I initiated conversations with 
strangers despite my relatively poor grasp of the language 
and accepted invitations for weekend group trips. I began 
to appreciate that there can be many “right” ways to think 
and behave, and that I could feel at home anywhere as long 
as I allowed myself to become part of the community. 


the experience of adapting to new 
settings in my personal life. 

These qualities have also helped prepare me to take on 
leadership roles outside the lab, which are personally re- 
warding and hopefully will strengthen my applications for 
jobs in the future. Taking on responsibility as the energy 
and environment chair of the Massachusetts Institute of 
Technology Energy Club, for example, was somewhat in- 
timidating at first, but by looking at it as another challenge 
to my adaptation skills, I have been able to dive in headfirst. 

Even though going abroad for my degree was difficult at 
first, I’m so glad I did it. Since that time, I have studied in 
11 more countries and visited 35 others. Together, these 
experiences have made me a better person, both personally 
and professionally, and that is a benefit I never expected 
when I first set foot in Belgium 12 years ago. & 


Amit Kumar is a chemical engineering postdoc at the 
Massachusetts Institute of Technology in Cambridge and an 
adjunct researcher at Harvard University. Send your career 
story to SciCareerEditor @aaas.org. 
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